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• NASA Goddard Space Flight Center (GSFC).
• Overview of space weather effects.
• Geomagnetically induced currents (GICs).

• Orbital/atmospheric drag.

• Radiation effects on humans, including NASA Artemis Program shielding/mitigation approach.

• Gannon Super Storm of May 2024.

Agenda for the two sessions
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NASA GSFC

NASA Goddard Space Flight 
Center (GSFC), Greenbelt, 
MD:
• 10,000 folks out of which 

3,000 are “feds” and 7,000 
contractors.

• Robotic mission design, 
integration, launch, 
operations.

• The largest NASA science 
center.
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NASA GSFC Heliophysics Science Division
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Space weather effects overview

Space weather impacts (credit: L. Lanzerotti)
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Space weather effects overview

• Spacecraft can be impacted in a number of different ways depending on the orbit of the vehicle.

NASA’s ICESat-2 spacecraft

• Surface (auroral and ring current 
electrons) and deep internal charging 
(radiation belt electrons).

• Single event upsets (GCRs, SEPs, inner 
radiation belt protons).

• Drag effects (upper atmospheric 
expansion).

• Total dose effect (cumulative radiation in 
any environment).

• Effects on the attitude control systems 
(magnetic field fluctuations and SEPs).
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Space weather effects overview

• Energetic charged particle radiation is a hazard for humans in space and at airline altitudes. 
Especially less predictable SEPs are a concern.
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ACREM Measurements during GLE60 on 15. April 2001
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0

5

10

15

20

25

30

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00

Time in UTC
D

os
e 

Eq
ui

va
le

nt
 R

at
e 

in
 µ

Sv
/h

N
M

 M
os

co
w

 %
 d

ev
ia

tio
n 

0

10.000

20.000

30.000

40.000

50.000

60.000

Latitude in Degrees

A
lti

tu
de

 in
 ft

Moscow Neutron Monitor (5min)
ACREM (5min)
ACREM (30s)
Altitude

54° 50° 46° 42° 38°55°56°56°54°50° 34°

ACREM: 59,9 µSv
EPCARD:  
H*(10): 42,0 µSv; E: 49,4 µSv

 
 

 
Figure 4.6. Measurement results during GLE 60. The dose measurement results (red) starts to increase at the 
same time as the neutron monitor (blue) at ground. Flight altitude is marked with green. 
 
4. 6 Comparison of route doses calculated with different computer codes 
The measured results have been compared primarily with calculated results from the EPCARD 
program, as this has been available through the contract. To illustrate the influence of different 
programs, route doses were calculated for a few flights with different codes and during the time period 
of the last solar cycle. The results are listed in Table 4.1 which also gives some information about the 
size of route doses for different destinations. As already mentioned, experimental data agree with the 
calculated values within +25 %. 
 
The two independent codes EPCARD and CARI have calculated the effective dose (E) for all the 
flights and the mean value of the ratio becomes 1.12+0.16 (one standard deviation). The ratio, when 
values for H*(10) from EPCARD and FREE are used, becomes 1.00+0.12. Those uncertainties reflect 
the differences in assumptions on which the codes are based. As a first estimate and assuming the 
codes are equally reliable, a specific route dose expressed in effective dose may not be determined to 
better than about 15%. The corresponding value for H*(10) is about 10 %.  

Dose observations from a commercial flight 
(Credit: Bartlett et al., 2002) 
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Space weather effects overview

• Signals using ionosphere or “just” passing through ionosphere are affected by space 
weather.

• Global navigation satellite 
systems such as GPS (e.g., EUV, 
X-rays, SEPs, magnetospheric 
activity)

• High-frequency (HF) radio 
communications (e.g., EUV, X-
rays, SEPs, magnetospheric 
activity)

• Other GHz range comms such as 
cell phones (solar radio noise)

Credit: NICT
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Space weather effects overview

• Geomagnetic field fluctuations drive geomagnetically induced currents (GIC) that can be a hazard 
to long conductor systems on the ground.

Credit: Gaunt and Coetzee (2007)
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small gaps.  The response of a reactor to GICs could be 

similar to the response of a three-limb transformer, with the 

core gap of a reactor having a similar effect to the core-tank 

gap of the transformer.  Despite the relatively high reluctance 

of the magnetic path compared with a closed-core, some 

quasi-dc GIC will flow through a reactor and, as for a 

transformer, the response will be determined by the 

construction details.  Koen and Gaunt [16] reported reactor 

failures and elevated levels of dissolved gas closely associated 

with exposure to geomagnetic storms, although “the failure of 

reactors due to GICs appears not to have been reported and is 

generally unknown”. 

While the practical measurements on the MTS 

demonstrated saturation of transformers that were previously 

expected to be unaffected by GICs, there has been no practical 

demonstration of a direct association between GICs and the 

initiation of gassing in transformers.  However, in November 

2003 this changed, with elevated levels of dissolved gas in 

several transformers being closely associated with a major 

storm. 

V THERMAL DAMAGE BY GICS DURING NOV 2003 

The condition of twelve 400 kV GSU transformers, each 

rated 700 MVA, at the Tutuka and Matimba power stations 

and six 275 kV GSU transformers at Lethabo power station is 

checked regularly, with some units equipped with on-line 

DGA instruments.  After the severe geomagnetic storm at the 

beginning of November 2003, often referred to as the 

“Halloween storm”, the levels of some dissolved gasses in the 

transformers increased rapidly.  A transformer at Lethabo 

power station tripped on protection on 17 November.  There 

was a further severe storm on 20 November.  On 23 

November the Matimba #3 transformer tripped on protection 

and on 19 January 2004 one of the transformers at Tutuka was 

taken out of service.  Two more transformers at Matimba 

power station (#5 and #6) had to be removed from service 

with high levels of DGA in June 2004.  A second transformer 

at Lethabo power station tripped on Buchholz protection in 

November 2004. 

The DGA records are not the same for all the transformers, 

but all of them show a sharp change at the end of October 

2003, when the first storm occurred.  Based on the DGA 

records, most of the transformers at these power stations 

appear to have been damaged by the effects of the  

geomagnetic storms.  The DGA record for one of the 

Matimba transformers, shown in Fig 5, is fairly typical.  Gas 

levels fell when the transformer loading was reduced 

following the sharp increase after 31 October.  By August 

2004, about 10 months after the storm, this transformer had 

not yet failed, although damage was evident from the 

generation of gases.   
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Fig 5:  DGA results Matimba #1: May 2003 to June 2004  

Although absolute levels of gas are low, the DGA results of 

the Tutuka and Matimba transformers produce ratios that are 

consistent with low temperature thermal degradation as 

described by Mollmann and Pahlavanpour [17] and Saha [18].  

Typically, on four apparently damaged transformers: 

Ethylene:methane C2H4 / CH4 = 0,2 - 0,9 

Ethane:methane C2H6 / CH4    = 0,2 - 1 

Methane:hydrogen CH4 / H2    = 2 - 5 

Ethylene:ethane C2H4 / C2H6   = 0.4 - 4.6 

Acetylene C2H2 negligible 

In the transformer depicted in Fig 6 the level of CO2, a 

product of low temperature degradation of cellulose, was 

approximately 10 times higher than the level of CO.  

Relatively higher CO or ethylene content would indicate 

higher temperature degradation. 

Inspections of all the failed transformers identified heat 

damage, mostly to paper insulation, in various parts of the 

transformers, as illustrated in Figs 6 to 8.  The damage is 

consistent with the DGA results.  In all cases, the extent of the 

damage appears to be small, and discoloration of paper 

insulation beyond the immediate vicinity of the fault is 

superficial, which explains why the absolute levels of 

dissolved gas are low - even below the threshold considered 

significant for most DGA assessment. 

 

Fig 6: Failure in HV winding of Lethabo #6 Fig 7:  Failure in HV winding of Matimba #4 Fig 8:  Overheating of LV terminals of Tutuka #1 

 

Illustration of mechanism for generating 
GIC

Transformer damage in 
South Africa
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Brief history of the high-level US interest in GICs

�
�

� �

�

� �

2012 Special Reliability Assessment 
Interim Report:  

Effects of Geomagnetic 
Disturbances on the Bulk 
Power System 
 
 

February 2012 

 

NATIONAL SPACE WEATHER ACTION PLAN 

PRODUCT OF THE 
National Science and Technology Council 

 
October 2015 
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1.1 Develop Benchmarks for Induced Geo-Electric Fields  
Geomagnetic storms can induce geo-electric fields in the Earth’s crust, driving electric currents in long 
conductors on or near the Earth’s surface. These induced geo-electric fields present a risk to the reliable 
operation of electric power systems and may affect gas and oil pipelines, railways, and other 
infrastructures that have long conductive paths. For example, a geo-electric field induced by a space-
weather event can produce electric currents (i.e., geomagnetically induced currents [GICs]) that could 
affect electric-grid system stability, with the potential to damage or cause the failure of essential electric 
power transmission components. Depending on the severity of the geomagnetic storm, cascading 
system failure or damage could lead to regional interruptions of electrical power distribution and result 
in complications with recovery and restoration efforts. To be useful, geo-electric field benchmarks 
should characterize the induced geo-electric field at the Earth’s surface (E-field). This parameter can 
feed directly into vulnerability studies conducted by industry and the private sector. 

At a minimum, the E-field benchmarks and associated confidence levels will define the following: 

• Amplitude of the induced E-field; and 

• Time dependence of the induced E-field. 

At a minimum, these benchmarks will be developed for the following event occurrence rate and 
intensity level: 

• An occurrence frequency of 1 in 100 years; and 

• An intensity level at the theoretical maximum for the event. 

All benchmarks will state the assumptions made and the associated uncertainties and provide sufficient 
means to account for regional differences across the United States. 

The following actions will be taken to develop induced geo-electric field benchmarks: 

1.1.1 The Department of the Interior (DOI), the Department of Commerce (DOC), and the National 
Aeronautics and Space Administration (NASA), in coordination with the Department of 
Homeland Security (DHS), the Department of Energy (DOE), and the National Science 
Foundation (NSF), will: (1) assess the feasibility of establishing functional benchmarks using 
currently available storm data sets, existing models, and published literature; and (2) use 
the existing body of work to produce benchmarks for specific regions of the United States. 

Deliverable: Develop Phase 1 benchmarks 

Timeline: Within 180 days of the publication of this Action Plan 

1.1.2 DOI, DOC, NASA, and NSF, in coordination with DHS and DOE, will assess the suitability of 
current data sets and methods to develop a more-refined (compared to Phase 1) set of 
benchmarks. The assessment will also identify gaps in methods and available data, project 
the cost of filling these gaps, and project the potential improvement to the benchmarks 
based on filling each gap. 

Deliverable: Complete assessment report 

Timeline: Within 1 year of the publication of this Action Plan 
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Why do we care?

11

Geomagnetically induced current (GIC)

GIC is related to 
the line integral of 
E(r,t)
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Why do we care?

12

GIC-driven half-cycle saturation of 
power transformers can cause:
Ø Leakage magnetic fields.

àTransformer heating
Ø Harmonic currents.
 à Relay tripping
Ø Increased reactive power 

consumption.
 à Voltage instability

� Chapter�1–Space�Weather�and�the�Power�System�

�

GMDTF�Interim�Report:�Affects�of�Geomagnetic�Disturbances�on�the�Bulk�Power�System–February�2012� 5�

spanning�a�long�distance�(approximately�1,000�km�or�620�miles)�using�high�voltage�(735ͲkV)�AC�
power�lines.�The�power�system�is�VͲshaped,�with�La�Grande�generation�on�the�western�axis,�and�
ChurchillͲ�Falls/Manicouagan�on�eastern�axis�(see�Figure�3).��
�

Figure�3:�HydroͲQuébec�transmission�system�

�

The�AC�network�covers�a�large�geographic�area�of�Québec�(from�subͲauroral�to�auroral�zones),�
and�most�of�the�network�rests�on�the�Canadian�Shield�–�a�large�area�of�low�conductivity�igneous�
rock.22�Given�this�low�conductivity,�the�GICs�flowed�through�the�path�of�least�resistance:�that�is�
the�high�voltage�overhead�transmission�lines.�Figure�4�shows�the�storm’s�geomagnetic�intensity.�
�
During� the� geomagnetic� disturbance,� seven� SVCs� tripped�within� 59� seconds� of� each� other,�
leading�to�voltage�collapse�of�the�system�25�seconds�later.��
�

�������������������������������������������������������
22�Igneous�rocks�(from�the�Greek�word�for�fire)�form�when�hot,�molten�rock�(magma)�crystallizes�and�solidifies.�The�melt�
originates�deep�within�Earth�near�active�plate�boundaries�or�hot�spots,�and�then�rises�toward�the�surface.�Igneous�rocks�are�
divided�into�two�groups�(intrusive�or�extrusive),�depending�on�where�the�molten�rock�solidifies.�
http://vulcan.wr.usgs.gov/LivingWith/VolcanicPast/Notes/igneous_rocks.html��

Hydro-Québec March 
1989
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The GIC systems science

13

Pulkkinen et al. (2017)

Marti et al. (2013)
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Extreme GIC

• Current focus of the GIC work (at least in the U.S.) is to understand the Carrington storm-
like extreme events.
• Extreme events were the core in the U.S. Federal Energy Regulatory Commission and 

National Space Weather Action Plan proceedings.

14
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Extreme GIC
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Pulkkinen et al. (2015)

While the impact is highly system dependent, I use 
the following rule of thumb: “0.1 V/km - nobody cares, 
1 V/km - hey pay attention, 10 V/km - lights out.”

“The magic” 8 V/km

IMAGE magnetometer chain
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• Element 1: amplitude
• Element 2: spatial structure
• Element 3: reference temporal waveform
• Element 4: geomagnetic latitude dependence
• Element 5: dependence on the local ground 

conductivity 

Data acknowledgements: USGS, NRCan, FMI −50 0 5010−1
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And this E-field information feeds into AC load 
flow, harmonics and transformer thermal 
assessments

Extreme E-field scenarios
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More on GICs

17

Pulkkinen et al. (Space 
Weather, 2017)
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NASA TIMED & Russian Kosmos 2221 – Feb 28, 2024 

18

Kosmos 2221-like 
Electronic and Signals 
Intelligence satellite 

TIMED
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Low-Earth Objects (LEO) objects

19

Chinese anti-satellite missile test

Cosmos 2251 and Iridium 33 collision
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Starlink incident – Feb 3, 2022 

20
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Atmospheric drag

21

𝑎! = −
1
2
𝐶!𝐴
𝑚

𝜌𝑉"

Drag acceleration
Ballistic coefficient

(highly dynamic) 
Atmospheric density

Total atmospheric velocity relative to the 
satellite velocity (incl. neutral winds)

• Poorly characterized atmospheric drag conditions are the single most significant source for LEO 
orbit propagation uncertainty (both “live” space assets and debris)

• While empirical assimilative models such as High Accuracy Satellite Drag Model (HASDM) are 
being used, first-principles understanding and real-time measurements in this domain are lacking.

• Due to potential major impact to all LEO space assets and exponentially worsening congestion of 
the domain, this is in my personal opinion the most significant space weather growth area.

Thermosphere Heat Sources:
•  Solar EUV
•  Auroral particles and currents 
•  Upward propagating atmospheric 
waves
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Geospace Dynamics Constellation (GDC)

22
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Radiation effects on humans

• Energetic charged particle radiation in space and at high altitudes poses a problem for biological 
systems such as humans.

• The key problem is ionizing radiation – radiation (typically > 10 MeV ions) with sufficient energy to 
ionize atoms and molecules along the path of penetration.

• Primary sources for energetic ions contributing to possible problems include galactic cosmic rays, 
SEPs and inner radiation belt. 
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Radiation effects on humans

• The radiation exposure connecting to radiobiological data is commonly 
measured in terms of Gray (Gy) and Sievert (Sv).
• Gy absorbed dose or energy dose is the amount of absorbed energy divided 

by the mass of the body (J/kg). 3 Gy homogenous whole-body exposure 
would typically be lethal.
• To account for different effects of different types of radiation one defines 

relative biological effectiveness (RBE) as:

where E is the biological effect (e.g. mortality), D absorbed dose, r 
reference type of radiation (usually X-rays) and q radiation type.

RBE = Dr (E) /Dq (E)
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Radiation effects on humans

• One obtains biologically weighted equivalent dose by multiplying absorbed dose by 
RBE. Equivalent dose has SI unit of Sievert (Sv).

• Note that although absorbed dose Gy and equivalent dose Sv both have dimension 
J/kg they represent different things. Equivalent dose takes into account radiobiological 
effects and the radiation type and scales things into “universal” radiation units.

• Whole body exposures are quantified as effective dose (also in Sv), which is a (tissue 
factor) weighted sum of equivalent dose over different types of tissue.

è I know, this is a bit confusing.
• Dose rates of 50 mSv/a and equivalent doses 200 mSv in the realm of stochastic 

effects, i.e. likelihood of effect increases as a function of dose. The primary late effect is 
cancer.

• High end dose rates of 3 Sv/h and equivalent doses 3 Sv implying likely lethal dose in 
the realm of acute deterministic effects, i.e. severity of the damage increases as a 
function of dose. 
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Radiation effects on humans - NASA

Recommended radiation exposure 
limits in mSv for astronauts  (Credit: 
Facius and Reitz et al., 2004) 

• For NASA, all crewmember radiation exposures are to be minimized using As Low as Reasonably 
Achievable (ALARA) principle.

• NASA has used U.S. National Council on Radiation Protection and Measurements (NCRP) 
guidance for setting the exposure limits for astronauts.
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Radiation effects on humans - NASA

• Both geomagnetic field and spacecraft provide shielding (increase in secondary radiation products 
possible). Consequently, doses at LEO are quite low.

Typical exposures in mSv measured during human 
spaceflight missions (Credit: Facius and Reitz et al., 2004) 
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Radiation effects on humans - NASA

• Outside the magnetosphere we will have no geomagnetic shielding. GCR component for 
extended 2-3 year interplanetary missions 10-1000 mSv depending on the shielding. 
However, major SEPs pose a problem:

Worst-case SEP scenario exposure in Sv. Parenthesis in equivalent g/cm2 aluminum 
and BFO = blood forming organs (Credit: Facius and Reitz et al., 2004) 

LEO human spaceflight missions mostly safe. For 
interplanetary missions while galactic cosmic rays also 
pose a problem the risk may be manageable. Major 
SEP events in free space pose a possible problem.
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Moon to Mars (M2M) Space Weather Analysis Office

• Given the new challenges with deep space 
exploration missions, additional support is 
needed in analyzing the space weather 
environment especially beyond the Sun-Earth 
line.

• The M2M Office will support the JSC SRAG 
console operators by providing the necessary 
state-of the-art tailored space weather 
information.

M2M Office Chief Dr Collado-Vega (left) 
with Ms Chulaki

è Artemis 1 support was a major success for the 
M2M team!
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Aviation radiation impact

• At airline altitudes ionizing radiation is composed of “showering” particles.
• In Europe and US airline crew considered as radiation workers and the corresponding 

dose limits apply.
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ACREM Measurements during GLE60 on 15. April 2001
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Figure 4.6. Measurement results during GLE 60. The dose measurement results (red) starts to increase at the 
same time as the neutron monitor (blue) at ground. Flight altitude is marked with green. 
 
4. 6 Comparison of route doses calculated with different computer codes 
The measured results have been compared primarily with calculated results from the EPCARD 
program, as this has been available through the contract. To illustrate the influence of different 
programs, route doses were calculated for a few flights with different codes and during the time period 
of the last solar cycle. The results are listed in Table 4.1 which also gives some information about the 
size of route doses for different destinations. As already mentioned, experimental data agree with the 
calculated values within +25 %. 
 
The two independent codes EPCARD and CARI have calculated the effective dose (E) for all the 
flights and the mean value of the ratio becomes 1.12+0.16 (one standard deviation). The ratio, when 
values for H*(10) from EPCARD and FREE are used, becomes 1.00+0.12. Those uncertainties reflect 
the differences in assumptions on which the codes are based. As a first estimate and assuming the 
codes are equally reliable, a specific route dose expressed in effective dose may not be determined to 
better than about 15%. The corresponding value for H*(10) is about 10 %.  

Dose observations from 
a commercial FRA-
DFW flight (Credit: 
Bartlett et al., 2002) 

This is still fairly 
low compared 
to what we saw 
above
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Aviation radiation impact

• Due to atmospheric and geomagnetic shielding radiation not necessarily a major problem for 
commercial airlines at this time.

• Only in worst-case SEP scenarios equivalent dose may approach 1 mSv limit for pregnant crew 
members.

• Significant impact on HF radio communications the primary concern causing rerouting from the 
polar paths.
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Gannon superstorm of May 10-13, 2024

32

iSWA layout

https://iswa.ccmc.gsfc.nasa.gov/IswaSystemWebApp/index.jsp?i_1=15&l_1=868&t_1=26&w_1=698&h_1=692&s_1=2024-05-11%2004:30:00.0_1_100_3&i_2=702&l_2=804&t_2=393&w_2=610&h_2=695&s_2=2024-05-10%2014:36:00.0_1_150_3_0_0&i_3=524&l_3=121&t_3=900&w_3=732&h_3=778&s_3=0_0_0_1_1_1_10_1111111&i_4=675&l_4=873&t_4=365&w_4=784&h_4=808&s_4=2024-05-11%2003:13:05.0_1_200_5_3&i_5=690&l_5=146&t_5=1216&w_5=1195&h_5=503&s_5=0!3!1001!&i_6=689&l_6=360&t_6=308&w_6=957&h_6=452&s_6=2024-05-14%2014:28:00!5!1001!&i_7=26&l_7=447&t_7=807&w_7=805&h_7=856&s_7=0_0_10_3&i_8=693&l_8=361&t_8=760&w_8=949&h_8=412&s_8=2024-05-14%2014:29:00!5!0001!&i_9=694&l_9=60&t_9=812&w_9=900&h_9=400&s_9=0!3!0001!&i_10=681&l_10=355&t_10=1178&w_10=940&h_10=452&s_10=2024-05-14%2014:11:00!6!0111!
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Impacts
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Impacts
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Blue Ridge Parkway in Virginia Fri May 10, 2024 
(Washington Post)
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