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Introductlon to Upper-level flow

Upper-level wave trains exists, with troughs often
forming as the flow is disturbed by mountains
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« Converging air
accumulates and
subsides

« Diverging air
draws air
upwards from the
surface

DR\ £ L.
» As air enters the trough, wind speeds increase resulting in a je
maximum at the base of the trough.

;
/

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov
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* Upper-level
trough supports
development of
a mid-latitude
cyclone

 Descent behind
cold front

GMAO Gl bl d Igg e k.e.knowland@nasa.gov
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Tropopause Fold (Stratospheric Intrusions: Sl) -4

15

Sls are

assoclated with: o} Stratospher‘e_mi,-\ ot |

 High O,, PV =

» Low CO, £
moisture ("dry s
intrusion™)

GMAO GI bl d lgg SEE & k.e.knowland@nasa.gov
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O, Is aregulated air pollutant

« Sls can lead to concentrations of ground-level O,
exceeding the national ambient air quality
standard (NAAQS) set by the EPA, especially at
high elevations

* In October 2015, the EPA revised the U.S.
NAAQS for daily maximum 8 h average (MDAS)
O, from 75 parts per billion by volume (ppbv) to

/70 ppbv
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O, Is aregulated air pollutant

« Sls can lead to concentrations of ground-level O,
exceeding the national ambient air quality
standard (NAAQS) set by the EPA, especially at
high elevations

* In October 2015, the EPA revised the U.S.
NAAQS for daily maximum 8 h average (MDAS)
O, from 75 parts per billion by volume (ppbv) to
70 ppbv

» Critical to accurately forecast these events!




National Aeronautics and Space Administration @
] | ] ]

Previously, Sls misrepresented in models

e SIs are fine-scale features, resolution needs to
be high enough to capture the filaments
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Previously, Sls misrepresented in models

e SIs are fine-scale features, resolution needs to
be high enough to capture the filaments

» Simulating and predicting such events remains
challenging

k.e.knowland@nasa.gov
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Previously, Sls misrepresented in models

* Sls are fine-scale features, resolution needs to
be high enough to capture the filaments

» Simulating and predicting such events remains
challenging

 Need horizontal resolution of 50 km or less
(Buker et al., 2005; Lin et al., 2012; Ott et al., 2016)

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov 10
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NASA GMAO global meteorology and chemistry products

GEOS

0. T T O W R

NI ( )/

www.nasa.gov

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov 11
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NASA GMAO global meteorology and chemistry products

GEOS

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov 12
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NASA GMAO global meteorology and chemistry products

GEOS

GEOS FP MERRA-2

GIbIMdI ng and Assimilation Offic
GMAO a.gov k.e.knowland@nasa.gov
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NASA GMAO global meteorology and chemistry products

MERRA-2

GEOS 5.12.4

GEOS FP

GEOS 5.17 11/01/2017 - 7/11/2018
5.21 7/11/2018 - 3/13/2019
5.22 3/13/2019 - 1/30/2020
5.25 1/30/2020 - on-going

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov https://gmao.gsfc.nasa.gov/GMAQO_products/NRT _products.php k.e.knowland@nasa.gov



NASA’'s MERRA-2 Reanalysis

* High resolution global data set

» 50 km horizontal
0.5° latitude x 0.625° longitude

» 72 levels up to 0.01 hPa

* Product of GEOS data assimilation system
* Assimilates conventional meteorologi A
observations, aerosols and ozone o 24

 Avallable since 1980 to a few weeks
behind present

and Applications, Version 2
Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov k.e.knowland @nasa.gov
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Question 1

Can MERRA-2 capture the dynamical
features of a stratospheric intrusion?
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AIRS 700 hPa RH (%) AIRS vs M2 TCO (DU)
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Knowland et al., 2017, GRL

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
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]

March 27, 2012 OUTC

MERRA-2

=+ Fine-scale filaments of
stratospheric air at 300

JZ to 500 hPa with high
=5 values of PV (> 2 PVU)
"[E > distinguish the SI

2 from background
| ZZ tropospheric O,

Knowland et al., 2017, GRL

Global Modeling and Assimilation Office

gmao.gsfc.nasa.gov
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Atmospheric dynamics

v Tropopause descends
to ~600 hPa

v Wrapped around jet
core

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
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Knowland et al., 2017, GRL
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* Tropopause folds are associated with:

* High O,, PV

° LOW RH J CO Knowland et al., 2017, GRL
541%233?22‘3?23&6‘”" ASSIMISON OIS k.e.knowland@nasa.gov
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» Since assimilated O, Is mainly stratospheric,
MERRA-2 O, Is realistic within the Sls, however

biased elsewhere In the troposphere. | andeta 2017 crL
g;r:%gzsmgsegggvand FSSIIEHON OHES k.e.knowland@nasa.gov
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Question 2 e

Can we build a catalogue of Sl events using
the MERRA-2 Reanalysis?
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Construct Upper-level Tracks e

Use TRACK (Hodges 1995, 1999) to identify
cyclones in MERRA-2 by maxima in 850-hPa
relative vorticity ({gsg npa)

1. Smaller scale systems are more easily
identified

2. Not strongly influenced by the large
scale background field

3. Less extrapolation below orography
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Construct Upper-level Tracks e

Use TRACK (Hodges 1995, 1999) to identify
cyclones in MERRA-2 by maxima in 850-hPa
relative vorticity (Cgsg npa)

MAM 2012 s EF B
N P e

Cesonpa STOMM || .

tracks i e | £
30°N == 'Z"

140°W

Global Modeling and Assimilation Office
G IVIAO gmao.gsfc.nasa.gov
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Construct Upper-level Tracks e

50°N - S

A0°N - — >(/i;
Caoohpa tracks = HAE
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Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
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1. Construct “Storm tracks”

TRACK output has the form
DATE LONGITUDE LATITUDE VARIABLE

/ “\N / where VARIABLE is Ly,
300 hPa

/

400 hPa / /
500 hPa / /

700 hPa yan

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov



ST 2, Sl Filtering Methodology o

The (4, p, tracks for the ten-year period from 2005-2014
were selected for most consistent O3 observing system:

» Since October 2004, high vertical resolution stratospheric
O, profiles from MLS and total column ozone from OMI
constrain the model ozone.

»In 2015, change in MLS from v2.2 to v4.2 resulted in
anomalously higher ozone in upper troposphere. In
2016, MLS 261-hPa level was turned off in the DAS.

Knowland et al., in prep.

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov k.e.knowland @nasa.gov




Tt 2 Sl Filtering Methodology o

In order to select tracks which are likely associated with
Sls, the (554 1p, tracks for

1. 2005-2014 were selected.

2. Set filtering thresholds based on anomalies ™%
1. max EPV > 2 PVU, 300:/// //av A
2. min RH <10 %, 220;,/ 21
3. max O, > 25 ppbv, > 50 ppbv, > 100 ppbyv, ggé 0

9007 7
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Knowland et al., in prep.

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov k.e.knowland@nasa.gov 28




ational Aeronautics and Space Adminisration > g Fllterlng MethOdOI()gy @

« Search radius around the “track point” for the maximum

anomaly.
//w\-@\
300 hPa /

a00hpPa /. /
500 hP // . .

° Radial coordinate system for
700 hPa A - a given radius is chosen

Knowland et al., in prep.

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov k.e.knowland@nasa.gov
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Search radius around the “track point” for the maximum
anomaly.
f\@\
300 hPa //
400hPa ./

500 hPa / /

/

700 hPa

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov
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2. Sl Filtering Methodology -4

200
g 300 g
2 4000 v Sensitivities tests
3 ol 4 were done for radii
* eool ~ from 2° to 15°
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Global Modeling and Assimilation Office
k.e.knowland@nasa.gov 31

gmao.gsfc.nasa.gov



aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 2. SI Flltering MethOdOI()gy @

 Attach to each “track point”, the max (or min)
anomaly of MERRA-2 fields known to be associated
with intrusions:

>»Max EPV,
>»Min RH,
»Max O,

>»Max w,
e.g., DATE LON LAT G350 1ps




2. Sl Filtering Methodology -4

* Working toward the surface, check that at least one point along

the track has max EPV
//\\, / anomaly > 2PVU.
300 hPa / e

/\@ / » Apply to multiple levels
w0hea /. S o T 7 at same track point

e.g., DATE LON LAT ;) 1pa

500 hPa

700 hPa

Knowland et al., in prep.

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov k.e.knowland@nasa.gov
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Working toward the surface, check that at least one point along

,\\\' / the track has max EPV
" anomaly > 2PVU.
300 hPa // .

’ » Apply to multiple levels
at same track point

» Apply to all points along
the track

400 hPa

/ N A

500 hPa /:

700 hPa //;;;_ R
/

Knowland et al., in prep.

GIbIMdI ng and Assimilation Offic
GMAO a.gov k.e.knowland@nasa.gov




~ 2.SIFiltering Methodology &

In order to select tracks which are likely associated with Sis,
the (540 1p, tracks were filtered for at least 1 timestep and
within 7°search radius:

1. Ateach pressure level filter tracks with max EPV
anomaly > 2 PVU.
a. Subset tracks further where EPV > 2 PVU for 4 timesteps
b. Filter tracks for min RH anomaly < 10 %,

c.  Filter tracks for max O; anomaly > 25 ppbv, > 50 ppbv, >
100 ppbv

Knowland et al., in prep.

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland @nasa.gov
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-2014 MAM 2005-2014
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Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov




Global Sl Tracks @
-2014 MAM 2005-2014

National Aeronautics and Space Administration

4 Clearly, we
1 canseethe
. impact of
4 the change
+f in the

: ozone
observing
5 system!

500hPa

(300

500hPa

PV

&
500hPa

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov



"SI Filtered tracks: MERRA2 MAM 2005-2014 USA &
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Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov
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Sl Filtered tracks: MERRAZ2 MAM 2005-2014 USA @
(an
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““SiFiltered tracks: Western USA MAM 2005-2014 &
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Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov
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~ Track Density: USA MAM 2005-2014

O; > 25 ppb O; > 50 ppb O; > 100 ppb
\ | \ ) o { kj
-------------- e Neresere

4
L 7

-
L7

500hPa

600hPa

8.0 11.0 14.0 17.0
12.5 155 17.5

2.0 5.0

3.5 6.5 9.5
Track Density

700hPa

k.e.knowland@nasa.gov 41

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
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~ Track Density: USA MAM 2005-2014
0; > 50 ppb 03 > 100 ppb

0; > 25 ppb
- N . d e R o . i N
o ] Similar track pattern for
S lower thresholds, though
less dense for

O; > 50 ppb

k.e.knowland@nasa.gov

Global Modeling and Assimilation Office
G M A O gmao.gsfc.nasa.gov
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Anomalous Ozone: USA MAM 20052014 &

O; > 50 ppb O; > 100 ppb
" - 7 g y
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A =4 | Similar O, distributions for
O, > 25 and > 50 ppb

700hPa

im“p :

1
plret - -

VR ' N
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Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov 43



" Anomalous Ozone: USA MAM 2005-2014 &

O; > 50 ppb 0> > 100 ppb
| V- 7 i N

79
73

500hPa

64

55

46
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O3 Mean Intensity

28

600hPa

19

10

R N B 116 tracks at 500 hPa
= 22 tracks at 600 hPa

700hPa

=y - Y
500 hPa: 228 215 tracks 116 tracks

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov k.e.knowland@nasa.gov 44
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Q t - 3

« Can we link stratospheric intrusions seen In
MERRA-2 with observed ozone exceedences?

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
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Q t . 3

« Can we link stratospheric intrusions seen In
MERRA-2 with observed ozone exceedences’?
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Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov
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EPA Stratospheric Ozone flags

Richard Payton at the EPA compiled the list of stratospheric
ozone flags, both IO (information) or RO (request exclusion),

from their Air Quality System from 2005 to 2015.
» Stratospheric ozone flags were found in EPA regions 4, 6,
8 and 9.

Global Modeling and Assimilation Office
gmao.gsfc.nasa.gov



National Aeronautics and Space Administration

EPA-flagged O;vs MDAS O,

2012-04-06 2010-06-08
50°N e ' ' ' ' ﬁi/\ SN . . . .
S
45°N 1 7S‘L [ 45°N A
40°N o= ,‘) - 40°N -

e

35°N / R
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30°N - x - 30°N A
(b)
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130W  1200W  110°W  100°W  90°W 80°W 70°W 6O°W  130°W  120W  110°W  100°W  90°W 80°W 70°W 6
— 1 [ [ || I [ =
40 50 55 60 65 70 75 80 85 90 100
—m s - m - MDAS O, (ppb)

Comparison between observed O; during an exceedance (dots) and the maximum daily 8-hour
average (MDA8) O, (contours) 1°x 1°gridded data set by Jordan Schnell (Schnell et al., 2014 ACP)

Global Modeling and Assimilation Office
G MAO gmao.gsfc.nasa.gov




1. Construct “Storm tracks”

» Use the objective feature tracking algorithm, TRACK
(Hodges 1995, 1999)

» TRACK output has the form
DATE LONGITUDE LATITUDE VARIABLE

» Construct “tracks” using the EPA surface ozone
data where exceedences are flagged for
stratospheric influence




2. Sample for anomalies

 Attach to each “track point”, the max (or min)
anomaly of MERRA-2 fields known to be
associated with intrusions:

»Max EPV, O;, w, wind speed, PBL, TROPPB

»Min RH, H
e.g., DATE LON LAT O,

Stay Tuned....




ronautics and Space Administration -
Question 4 e

Can we forecast S| events in GEOS
forecasting products?
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NASA GMAO global meteorology and chemistry products

GEOS

! !
! | !
[

gmao.gsfc.nasa.gov https://gmao.gsfc.nasa.gov/GMAQO_products/NRT _products.php

k.e.knowland@nasa.gov
christoph.a.keller@nasa.gov
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NASA’s composition forecast (GEO -CF)

= e -

s 250 Chemical
Species
o 725 Chemical

: Reactions - | Ni/
clSoLMe e GEZ'S-Chem [Fine Particulate Matter (PM2

L/

o=
l.'l'
G MAO Global Modeling and Assimilation Office - k.e.knowland@nasa.gov
.gsfc. . 0 g 0 0 = .
e christoph.a.keller@nasa.gov
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Daily composition forecast

GEOS - CF

» Currently no direct data

assimilation of
constituents in GEOS-CF

GEOS - Chem

Global Modeling and Assimilation Offi o
GMAOQO | sooisisess and Assimilaton Office o //amao.gsfc.nasa.goviweather prediction/GEOS-CF/ SETOR e NS0y
christoph.a.keller@nasa.gov
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Daily composition forecast

GEOS - CF

» GOCART aerosols
constrained by satellite
measurements of AOD

» Biomass burning
emissions from QFED

» Stratospheric O; (above

~75hPa) nudged to

(=>MLS) O
3

GMAO | Seasdisasiganesesmiaion e pipsijigmao.asfe.nasa. - christoph a ellor@nasa.gov
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Forecasting and validating Sl events

Composition Forecast

CF Datagrams

GMAO GEOS CF Datagrams G E O S = C F

03 at Washington DC (38.90, -77.00)
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Global Modeling and Assimilation Office
G MA O gmao.gsfc.nasa.gov k.e.knowland @n asa.gov 56




Global Modeling and Assimilation Office G M AO
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bl GMAO GEOS CF Datagrams
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NATIONAL

Select a Station

CO NO, O3 PM25 SO,

E3

WORLD
i
Select a Station j @/ GEOS CF Forecast Initialized on 12z 02/26/2020 lGMAO
AERONET 12z 00z 12z 00z 12z 00z 12z 00z 12z 00z
Tot Cld (%)
NORTH AMERICA j I---..!-@
110
105
LMOL j 666 100
95
90
N5 85
700 = % 80
MEGACITIES © 75
& 70 ©
Select a Station v = 65
¢ 800 60 T
5 55 o
ACTIVE CAMPAIGNS g .
900 20
Select a Station v 35
30
i 25
950 5o
15
10
1000
. 60 - . : 5 ; ; ! , -
s
23
€ § 20
S
0
2.0 10 §
§__ 15 a
£E 10 5 ©
= E 3
i 0.5 |° =
0.0 0 g
12z 00z 12z 00z 12z 00z 12z 00z 12z 00z =
Thu 27 Feb Fri 28 Feb Sat 29 Feb Sun 1 Mar Mon 2 Mar
2020

Lat = 37.10, Lon = -76.39, Location = LMOL, Fcst_Init = 2020-02-26 12:00:00

www.fluid.nccs.nasa.gov/cf

Next step:

Can we provide
a flag or alert to
Indicate to end-
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intrusion is likely
In their area”

k.e.knowland@nasa.gov




National Aeronautics and Space Administration

GEOS-CF Forecasts for NASA Langley: “LMOL”
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GEOS-CF ‘analysis’ at Langley (12z Feb 20 — 12z Feb 28, 2020) @
12
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John Sullivan (GSFC) and Guillaume Gronoff (LaRC) are set to
measure yesterday ©

Ozone curtain plot. -- WARNING QUICKLOOK -- Latest data at UTC: 2020-03-05T20:26:392 GMAO GEOS CF Datagrams

Langley Mobile Ozone Lidar. Location: Hampton Latitude: 37.095 Longitude -76.389
03 at LMOL (37.10, -76.39)
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How can we improve the representation of
SIs In GEOS?
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Increased vertical resolution in GEOS @

The purpose of these experiments was to investigate how increasing the model’s vertical resolution
would affect transfer of constituents in and between the troposphere and stratosphere.

GEOS-CF forecast simulation of April 2018 Sl event.
1. Current GEOS grid: 72 model layers

2. Future GEOS grid: 132 model layers

Both simulations were initialized with the GEOS-CF one day before the event (runs performed by
Elliot Sherman).
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Increased vertical resolution in GEOS
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The high concentration of ozone in the v72 Forecast descends to lower pressure
levels (a) than in the v132 Forecast (b), however the tropopause Iin the v132
Forecast remains near 550 hPa, similar to the GEOS-CF replay, for longer.
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Increased vertical resolution in GEOS
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The 132-level simulation appears to lag the 72-level simulation on the order of a

few hours. The lag is most visible in the difference plots where high negative
values follow positive values.
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Summary S

v MERRA-2 is a high-resolution global reanalysis which can
be used In scientific studies to identify Sis by both
atmospheric dynamics and O,

v GEOS-CF is suitable tool to support instrument teams
measuring tropospheric and lower stratosphere
composition

» Working on best approach to communicate Sl potential to
Interested end-user groups.

Knowland, et al (2017). Stratospheric intrusion-influenced ozone air quality exceedances
investigated in the NASA MERRA-2 reanalysis. GRL https://doi.org/10.1002/2017GL074532
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