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Geomagnetic Storm Forecast — Sun to Earth
Modeling

Partnerships with the Space Weather Research Community
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Space Weather Impacts to GNSS Operations

IGS Network Dual Freq. Code Observations, 6 Dec. 2006

Observations

19:00:00 UTC
Owens Valley Solar Array RHCP SRB Power (1.6 GHz)

Solar Flux Units

©og O

e Solar flare output in the L-band
completely swamps day-side GNSS.

Effect lasts for 10—20 minutes.

Scintillation

lonospheric Storms Solar Radio Noise (Flares)
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Impact of a Moderate Geomagnetic Storm on the FAA

WAAS System
FAA Msg to SWPC

“An lonospheric Storm began on 2/27/14. The Satellite Operations

Specialists were alerted at the WAAS O&M by a Significant Event

757 at 2120 Zulu. So far, LPV and LPV200 service has not been Moderate Geomagnetic Storm:
available in Eastern Alaska and Northeastern CONUS. At times, Kp of 6 on a scale of 0-9

North Central CONUS and all of Alaska have lost LPV and LPV200
Service.”
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Note: LPV is Localizer Performance with Vertical Guidance which
takes the aircraft down to 250 ft altitude
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Effects last for hours




Requirement: One to Three Day Forecasts of
the lonosphere

* Requires long-range forecasts of all three drivers
— Solar EUV and X-ray irradiance
— Geomagnetic Storms
— Atmospheric structures from below (tides, waves, strat-warms)

Lower Atmospheric Structures Manifested in the lonosphere
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Planetary Waves in Airglow Plasma Bubbles in Airglow
: (initiated by atmospheric structures)
- TIMED GUVI (Paxton)
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lonospheric Models and Products

Development Prototype Operations

Electric Field Model ROTI GPS Product US-TEC

| lonosphere/

Plasmasphere/
W_Iectrodynamlcs
© Model

b ] Aurora Forecast Model
e — | - RN Global TEC WWW'mute Fore‘“'
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lonospheric Models and Products

Development Prototype Operations

Electric Field Model R(“ [l GPS Produ'*t US-TEC

Ionosphere/
Plasmasphere/
W_Iectrodynamlcs

Aurora Forecast Model
Global TEC WWW'mute Fore SR

'

IC% Meeting



New Product for Precision GPS/GNSS

« Specification of conditions that lead to errors and outages in dual-
frequency GPS/GNSS systems
— Provides a real-time red-yellow-green index
— Based on Rate Of TEC Index (ROTI) and satellite signal stability.
— Provides dual-frequency GPS users with estimates of scintillation
— Test Product in 2016

North America ROTI Ma 0330-0345 UT_ 20130101 1o - North America ROTI Ma 2345-2400 UT 20000406

]

ROTI [TECL
ROTI [TECU/min

Developed for NOAA by Propagation Research ROTI Maps of North America

Associates and NASA/JPL under an SBIR contract
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GPS/GNSS lonospheric Sounding

GPS observations provide information of the ionospheric conditions along
the line of site.
— The difference between signal arrival times at different frequencies is a

measure of the ionospheric delay which is a function of the electron density
integrated along the line of site

Ground-based observations provide a measure of the horizontal structure
in the ionosphere

Space-base observations provide a measure of the vertical structure in the
ionosphere

0 satellite To GPS/GNSS
Receiver

10




COSMIC vs.
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COSMIC-2

Satellite

Space Weather
Payload

IGOR
GPS
~2,000 per day

Latency: 2 hr

6 LEO satellites
~72° inclination
~800 km altitude
~61 kg
>0.68 for 2 years
launched 2006

TriG
GPS+
GLONASS
>8,000 tropo per day
>12,000 iono per day

Latency: 38 min

First Launch

6 LEO satellites
~24° inclination
~520 km altitude
~215 kg
>0.66 for 5 years
~launch 2016

IVM
RF Beacon

Second Launch

6 LEO satellites
~72° inclination
~720 km altitude
~215 kg
>0.66 for 5 years
~launch 2019

Real-time data assimilation model ready to receive COSMIC-2 data by 2018.
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Current Products:
Regional Specification

Current: Upgrade:

US-TEC: Provides real-time North America-TEC: Provide real-time
specification of Total Electron specification of Total Electron Content over
Content over the US the North America (Operational in 2016)

Total Electron Cantent Units x 10™ m™

Total Electron Content Units x 10'® m™

Number of Stations
CORSAB 098
GPS/Met 004
RTIGS 006 [
WAAS 011

30-Jan-2013 from 08:00 to 08:15 UT NOAA/SWPC Boulder, CO USA (op.ver: 2.0)

26-Sep-2011 from 09:00 %0 09:15 UT NOAASWPC Boulkder, CO USA (op.ver. 1.0)

9 Sept 2014 12



Expanding Products with More Data

« Current products limited by lack of global data coverage

— Need more data in the arctic Working to get more real-time GPS data from
arctic regions

— Use of N-Trip to access more data

— Plate Boundary Observatory data

— Partnering with JRC to deploy additional receivers

— Need data over oceans

Air Force SBIR: Partner with ASTRA
to develop a ground GPS receiver

Number of Stations

and data processing system that Seshr 004
. 2 006 [
will work on ocean buoys o1

* NOAA Data Buoy Center will assist
with design and deploy test. models
on the TAO Buoys in the mid Pacific

Developing data assimilation
technigues to use COSMIC-2 data 08 \ASTIPC Boulder, CO USA (op.ver: 2.0)

9 Sept 2014 13



Forecasting lonospheric “Weather”
Integrated Dynamics in Earth’s Atmosphere (IDEA)

Whole Atmosphere Model (WAM = Extended GFS)

lonosphere Plasmasphere Electrodynamics (IPE)

Integrated Dynamics in Earth’s Atmosphere (IDEA = WAM +IPE) lonosphere

. ZPlasmasphere
E\I\"';gctrodynamics
\\\\

\ Model
\

* FY15: Real-time WAM
* FY17: Real-time WAM driving IPE
* FY19: Fully Coupled WAM-IPE with data assimilatio

e i T T e N E

i EXOSPHERE
Neutral Atmosphere 600 kn

THERMOSPHERE

300 km

MESOSPHERE
STRATOSPHERE
""" TROPOSPHERE
—t—— ——t— ——i
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What’s the big IDEA?

Integrated Dynamics in Earth’s Atmosphere

« WAM = Whole Atmosphere
Model (0 - 600 km)

* IPE = lonosphere Plasmasphere
Electrodynamics Model (100 -
10000 km)

* WDAS = WAM-IPE Data
assimilation System (0 — 100 km)

< ITDAS = lonosphere/
thermosphere data assimilation
system

* IDEA = WAM + IPE + WDAS +
ITDAS A coupled modeling

system spanning from the 0 to
10,000 km

November 2015




With and Without WAM:
Adding the Lower Atmosphere

Typical ionosphere-thermosphere lonosphere-thermosphere model
model: Global maps show little coupled to the lower atmosphere:
fine structure Global maps show structure relevant to

GPS accuracy and available

The temperaturﬁcture from a stand-alone thermosphere ionosphere
plasmasphere .g., CTIPe) is similar to the MSIS empirical model. The
Whole Atmos"gere Model (WAM) drives variability from the chaotic lower
atmosphere which introduces a whole spectrum of variability.

November 2015 ICG Meeting 16



What Will IDEA Provide?

 The coupled WAM-IPE model system will provide global maps
of the ionospheric parameters (specification and forecasts)
relevant to customer requirements.
— Total Electron Content (TEC = height integrated electron density)
— Rates of change of TEC (spatial and temporal)
— Single frequency GPS error
— Scintillation probability for dual frequency (precision) GPS

e (Customers

— Single frequency GPS (airlines, agriculture, shipping, navigation, FEMA,
etc...)

— Dual frequency GPS (mineral/oil exploration, agriculture, navigation,
survex@g/mapping, DOD, etc...)

— Satellite communication (satellite operators, NASA, DOD, etc...)

* Physics-based operational forecast of thermospheric density
for satellite and debris orbit prediction.

November 2015 ICG Meeting 17




Summary

 GNSS data is needed to produce a number of products
— Ground-based GNSS sensor data
— Space-based GNSS radio-occultation data

 Products for GNSS users
— Maps of TEC for all GNSS users

— Scintillation maps for precision GPS users (under development)

* Products that require GNSS data
— HF radio propagation
— Satel?e communication
— Coupled thermosphere-ionosphere forecast models

November 2015 ICG Meeting
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Thank You!
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COSMIC vs. COSMIC I

Sun-Fixed Occultation Locations for COSMIC:, 8 S/C, 6 Planes, 24 Hrs, Launch+1.5months

COSMIC I:

e Sparse coverage

* 2 hour latency (not real
time)

* Good for developing
assimilative models

COSMIC 1
* Better coverage
e 38 minute latency
> (limited Eround stations).
* Initial launchin 2016.

Real-time data assimilation model ready to receive COSMIC Il data by 2018.

November 2015 ICG Meeting
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GNSS Applications

e Standard (1-Hz) observations provide electron
density information along the line of site.

— Relevant to GPS/GNSS users
— Input to ionosphere/thermosphere models

e Higher frequency observations (~50 Hz) provide
ionospheric scintillation information.

— Relevant to precision GPS/GNSS users
o

November 2015 ICG Meeting
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GPS Customers

e Airlines
— WAAS and NextGen
* Shipping and Transportation
* Precision Agriculture/Construction/Surveys

* Precision Navigation
— Autonomous vehicles and UAVs
— Zero visibility driving
* Precision Timing
 Exploration
Ot
— Minerals |
* Government Agz'ncies:
— DOD, FAA, FEMA, DHS, Coast Guard, etc...

9 Sept 2014 23



New Customers at High Latitudes

* Navigation:
— Shipping through the NW passage saves 6000km off of a 22000km trip
from New York to Hong Kong (28%)

* Avoiding ice and navigating in the arctic requires precise GPS positioning information

— Qil and mineral exploration in arctic regions
* Drilling and surveying require precision GPS

— Airlines use polar routes
extensively (13000/year)
e Qil Exploration
— Qil drilling in the arctic ocean
is under consideration.

* Space Weather Impacts

“When Aurora is Strong,m&”

9 Sept 2014




Arctic Shipping Lanes Require New GPS
Services

LOGIN | SUBSCRIE

THE WALL STREET JOURNAL. = ' susiness $19 for 12 Weeks

Y
m} .I:I ’ 1 @ Alibaba Plans >, @ Apple's Next Big Adidas Fights for e Lron Ore Mi
E, Record Debut % Focus: Your Health \'ry :

Traction in U.S. § Dig Out of a Hc n
BUSINESS

Energy Companies Try Arctic Shipping Shortcut Between Europe and Asia

Northern Sea Route Reduces Costs, Bypasses Fractious Suez Canal Region

| AllA

The First-Ever Bulk Freighter To Pass L THE WALL STREET JOURNAL.

Through The Arctic Was Carrying Coal

TRANSPORTATION AFP  China
BY ARI PHILLIPS W POSTED ON SEPTEMBER 26, 2013 AT 1:44 PM

China Begins Using Arctic Shipping Route That Could

m E [ '‘Change The Face Of World Trade'
™ BILL SAVADOVE, AGENCY FRANCE-PRESSE

430948 ®78
Sometime earlier this week a cargo ship
passed through the Northwest Passage
into Baffin Bay, along Greenland's
southwestern coast, making it the first bulk
carrier ever to make the voyage. This

journey was completed by the Nordic

Orion, a 225-meter, ice-strengthened 3

vessel loaded with coal in Vancouver, o )
i . ) The Nordic Orion along the Northern Sea
British Columbia and headed for Finland.  goute.

) CREDIT: NAVAL MATTERS
Long eyed as a commercial route, the
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Solar Flux Units

Impact of Solar Flare
Solar Radio Burst at GPS/GNSS Frequencies

19:14:46 UTC
® Failure Operational

Owens Valley Solar Array RHCP SRB Power (1.6 GHz)

26



Developing Global Specification Product

GAIM TEC

=% S 6595 German DLR Data Assimilatio

GAIM time: 20142502345

Testing global TEC models:
— Air Force GAIM
— DLR SWACI
NOAA CTIPe

available

9 Sept 2014

DLR TEC

e

p T S

CTIPe: NOAA’s Physics Based Model
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Why Couple to the Lower Atmosphere?
1. Gravity Waves

Gravity waves

* Propagate upward

* Grow in amplitude as
they go up.

e Often break at some
altitude

* When the break, they
deposit energy (both =,
thermal and Sk

momentum)

.. P 3
IAP NLC Camera TROND 63N 10E 2009-08-01_23:07:05 Sol: -08.8

ICG Meeting




Why Couple to the Lower Atmosphere?
2. Atmospheric Tides
The four peaks in diurnal temperature amplitude result from superposition of

the migrating (to the west) tide (DW1) and nonmigrating eastward mode with
zonal wavenumber 3 (DE3).

Tides induce variability in the lonosphere/Thermosphere System

NASA TIMED SABER and TIDI NASA IMAGE (Immil et al)

November 2015 ICG Meeting Brightness, Rayleighs




2009 Strat-warm Impact on lonosphere and Space Weather
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Goncharenko et al. (2010):

Climatological TEC @ 10 and 16
LT from ground GPS
observations.

Same on January 27, after the
peak of the warming.

Comparison of plasma drift
climatology with observations
on Jan. 27.
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USTEC and the FAA Wide Area Augmentation
System (WAAS)

US Total Electron Content (US-TEC)

Critical for GPS/GNSS Users (Airlines, FAA, Transportation, etc...)
Inputs: Ground GPS Receivers

Future Inputs: COSMIC Il Radio Occultation

USTEC captures the TEC enhancement during a moderate storm(Kp<6)

. (a) 26 Feb 2014, 20:45 UT H Mo 27 Feb 2014)

-

OWBY27 Feb 2014, 20:45 l‘v !
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Does the WAM-IPE Concept Work?
2009 SSW: IDEA TEC forecast
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IDEA 14-day forecast (from Jan 13, 2009) of TEC in the American sector

(Wang et al., 2014) vs. observations (Goncharenko et al., 2010).

ICG Meeting
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Customer Wish List

24 hour lead time forecast of regional amplitude scintillation, in units of S4 (dimensionless)

with S4 = .5 a critical threshold
24 hour lead time forecast of regional phase scintillation, in units of sigma phi (radians), with

sigma phi = .7 a critical threshold

24 hour lead time forecast of bulk TEC change from current conditions, with a change of 50%
(up or down) a critical threshold

Nowcast of regional amplitude scintillation (similar to #1)

Nowcast of regional phase scintillation (similar to #2)

NOAA lonosphere (l) Scale, starting with a meridional chain of software receivers through N.
America broadcasting data to SWPC

More ground-based stations taking data for USTEC to capture small scale irregularities
causing scintillation

Alerts of L-band solar radio bursts with.right-hand circular polarization of a magnitude
affecting coﬂpss/semi-codeless/radio occultation GPS

With USTEC as the basis, find gradients and generate warnings of regions with heightened
probability of scintillation activity

Link the daily geomagnetic activity forecasts as a flag in the display of USTEC, alerting users
of the higher probability of abnormal conditions

9 Sept 2014 33



Dvnamic Equatorial Plasma

240 01:03 23:26 21:49 2011 18:34 1657 1520 1343 12¢C

Before the storm

G Latitude ()

__ aurora

s\y

G Latitude (%)

t&g,mﬂi

G Lon_cﬁlwe (%)

Raylegh

| TIMED GUVI Data (Paxton) ~2 TIMED GUVI (Paxton)

1 10 100



F REGION IONIZATION
TRANSPORT PROCESSES

RE
E REGION

MAGNETIC EQUATOR

November 2015 ICG Meeting 35



ExB Drift Leads to Plasma Bubbles
Plasma Bubbles Lead to Dropped GPS Signals

O o Sl T

e W _—N

onospheric Model (Huba)

\.,,Nm@w |

TIMED GUVI (Paxton)

Ground-Based Imager (Taylor)

Darwin Plasma Bubble Model (Retterer)



Midnight Temperature Maximum (MTM)

Fang et al 2014

WAM can produce the MTM

+ WAM appears to be the first comprehensive model to internally generate an MTM of a realistic magnitude in the
thermosphere. Simulation results from the WAM have shown the robust feature of MTM and the associated midnight
density maximum (MDM).

* MTM is the Result of Tides in the Lower Atmosphere:

* Model results indicate that the feature may be traced down to the lower thermosphere, where it is manifested primarily in
the form of an upward propagating terdiurnal tidal wave. Thermospheric tides with higher-order zonal wavenumbers and
frequencies can also contribute to the feature.
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T | ([ [.
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Meriwether et al. (2013) Akmaev et al. (2009)
Comparisons of WAM MTM (blue) with FPl measurements 37

WAM simulation of relative temperature deviation as

at Brezin(redf #m Sep 2009 to Aug 2012, ICG Meeting, fnction of height and longitude (local time)



Vertical Ion Drifts from Models and Observation
Fang et al 2014
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IVM Vz (m/s, June Sol. 2010) MTM Produces ExB Drift

The nighttime upward drift is more pronounced in June-
July season from the GIP/WAM simulation. For the
season, WAM reproduces the magnitude and
longitudinal distribution of nighttime upward drift

120 60 ) 60 120 ) observed by C/NOFS IVM. In contrast, the vertical drift
produced by the NCAR TIEGCM shows downward in
most longitude except in the American longitude sector.

N WO= NP

NN

GIP-WAM Vz (m/s, June Sol. 2010, 500 km)

(a) C/NOFS IVM climatology in 2010
June solstice

(b) WAM-GIP climatology of June and
July 2010

(c) NCAR-TIEGCM results on June
solstice (F10.7=70)

-120 -60 0 60 120

TIEGCM Vz (m/s, June Sol., F10.7=70)

LT (hr)
N WO =2 NS

NN

-60 0 60
Geographic Longitude (°E)

.
WAM + GIP produces the conditions necessary for post -

sunset plasma bubbles to form
November 2015 ICG Meeting




Data Assimilation

Chaotic System (Weather)
* Errorsin the initial state have a big impact on the final state
* Fine tuning the input with data assimilation is important

Initial State 2

(t, + At)

November 2015 ICG Meeting 39



Space Weather Data Assimilation

Driven System (Space Weather)
* Initial state loses importance quickly over time
e Changes in the external forcing dominate

Initial State 1

Initial State 2

) -
Curren
(t,

Forec State
(t, + At)

November 2015 ICG Meeting 40



Data Assimilation in the lonsphere

(Hsu, Matsuo, Wang, Liu, 2014)

Analysls Period

Question:

e Does Data Assimilation
Work in the

N

%
. = Y
ionosphere? 2. 73 4
ug / / /D
R ﬁ 1 i /0 S/ U /F % yl/ /0
Answers: “ P—
° ASS|m||at| ng Only . | | | | T 1.update f . Electrons
. - 2.update f . f - lons
gleCtron and Lon data ” ° ’ HourssinceAﬁriIOBOOOO uT ? ? 3u::datef foof Temperature
OeS nOt Wor Very We 4updatef ff f Winds
: g ¥ 3 (b) x 10% Forecast Period o Uy
Assimilating winds and 28 ' ‘ | Suptaelylorloo,  Neutrals
= 6.update f . . f_f, fvfo f0 All
temperatures helps a )
update f - £, f, f; fo, No lons

%)

little

Assimilating neutral
composition is really
required for improving
forecasts

] ™~ Without Neutrals

1 \With Neutrals

12 18 24 30 36
Hours since April 08 0000 UT

Error .
Electron density (cm
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Model Development:
Solar EUV Irradiance Specification and Forecast

Temperature (C)

-200 0 200 400 600 800 1000 1200
400 " 1 " 1 " 1 " 1 " 1 " 1 " ]
* Real-time Proxy model of s """ ™™ e
solar EUV spectrum w00 P | B
— Based on the “Stan-bands” _~ o [ R
i’ 200 — errr;?]sp £re ; E rg)g::)epossili
— Driven by GOES broadband  : | oncephere F
EUV observations }’ | * i
100 — b '
* 3-Day Forecast model of o] N
° . | Stratosphere 1§
solar EUV irradiance - N — ‘
0 10 20 30 40 50 60 70 80 90 100 110 120 130
—_ Driven by fo recasts Of F10,7 Solar spectrum (white) and whaeV:eenli |s( amt))sorbed in the atmosphere (colors)
ﬂux' Broadband Parameterization by Solomon and Qian (2005)
e 7-Day forecasts
— Driven by the AFRL ADAPT |
model (Arge, Hock, Henney) _
8 ——All Fitto EVE 0.00015 E
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0.00000 42
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Improving Forecasts for Space Weather

* |nitial or current state is not as important for space
weather as it is for terrestrial weather

e Estimating errors in the drivers is more important for
bounding the final solution (forecasting)

e Estimating errors in the physics by running multiple
models would be more effective than running a
single model from multiple initial states.

* Assimilating neutral density and composition data
would be more effective than assimilating electron
or ion data.

November 2015 ICG Meeting 43



Capturing Global Phenomena

lonospheric Total Electron Content Observation

FORMOSAT-3/COSMIC:
Accumulation of a months worth of data TIMED GUVI (similar to DMSP SSUSI):

taken between 20:00 and 22:00 local time 6 orbits of data

Geographic Latitude ( °N)

-120 -90 -60 -30 0 30 60 90
Geographic Longitude ( °E)

Integrated Electron Content 300-350 km TECu

Geographic Latitude ( °N)

L .
-50 . .
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Geographic Longitude ( °E)

Capturing the spatial and temporal variations in the

ionosphere is very difficult from LEO orbit.
November 2015 ICG Meeting 44




Global-scale Observations of the Limb and Disk (GOLD)
NASA Instrument of Opportunity

Observations:

* Hemispheric maps of...
* Neutral temperature
* O/N, ratio (composition)
* Electron density

* Limb scans of temperature

Imaging Spectrograph:
Two independent, identical channels
Wavelength range: 132 — 160.nm
Target Launch: October 2017
by Hosted Payload on geostationary
commercial satellite

2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 2020\
Phase A

Selection SRR PDR CDR PER PSR Launch

Florida Space Institute (FSI) University of Central Florida
PI: Richard Eastes

Project Coordinator: Andrey Krywonos

Laboratory for Atmospheric and Space Physics (LASP)
University of Colorado

Deputy PI: William McClintock

Project Manager: Mark Lankton
NOAA SWPC

Collaborator: Mihail Codrescu

November 2015 ICG Meeting 45



Why is IDEA a Good Idea?
Multi-Day lonospheric Forecasts

* IDEA is driven by customer requirements for better
forecasting of space weather impacts on systems.

GPS/GNSS systems are affected by small and medium scale
structures in the ionosphere that are not captured in current
ionosphere models.

HF Communication is affected by large, medium, and small scale
structures in the lower ionosphere that are not captured in
current ionosphere models

Satellite Communication (Ground to space) is affected by small
and @dium scale structures

Satellite drag is affected by medium scale structures and winds
in the thermosphere (neutral atmosphere) that are not
currently modeled.

November 2015 ICG Meeting 46



By

November 2

How will IDEA meet the Customer
Requirements?

The lonosphere/Thermosphere (I/T) systems is a strongly driven system.
— Most of the variability is the result of external forcing

There are three primary external forces or drivers.
1. Solar x-ray and EUV irradiance

. Induces global variability of factors of 0.2 to 10 on times scales of
minutes to years

2. Geomagnetic storms
. Induces regional variability of factors of 0.1 to 10 on time scales of
minutes to hours

3. Tropospheric variability

. Induces local variability of 0.1 to 3 on time scales of minutes to hours.

* Nearlyalll/T models capture the first two drivers but not the third.
e Specification and forecasting each of the three drivers is critical to
developing an accurate forecast of the |/T system

* Only a coupled atmosphere-ionosphere model will provide adequate
forecasts of space weather impacts on the systems communication and

navi§ation systems. ,
15 ICG Meeting
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Improved Satellite Drag Forecasts
Requires better gravity wave forcing
Requires better EUV forcing

(Orbit Averaged)
GOCE (courtesy of Eelco Doornbos, TU Delft/ESA)

CTIPe with Stan-Bands from SDO/TIMED data,
WAM gravity wave parameterization V.1

CTIPe with Stan-Bands from SDO/TIMED data,
WAM gravity wave parameterization V.2
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NWS R20 Grant to improve gravity wave parameterization in GFS and WAM (Yudin
and Fuller-Rowell)
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Bonus: WAM and GFS Stratosphere Forecast
WAM Predicts Strat-Warm 2 Days Before GFS
T (K) 90°N 10hPa U (m/s) 60°N 10hPa

WAM and GFS
forecast from Jan
13,2009 of Tand U

@ 10 hPa vs GDAS
analysis.

WAM and GFS
forecast from Jan
15, 2009 of T and
U@ 10 hPa vs
GDAS analysis.

vovempa BE full impact of WAM on tropoq(pmerggngorecasts needs to be evaluated




