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Rossby waves: undulations in the jet-streams

- midlatitude Rossby waves
often propagate on the jet-
streams

- they often overturn, or “break”

« clockwise = anticyclonic
wave breaking

« counter-clockwise =

The Polar Jet Stream cyclonic wave breaking
NASA Scientific Visualization Studio

- wave breaking is important
for momentum fluxes and
maintaining the jet-stream

day 6 day 6
% 'O,

- it may also play a role in
transport

Anticyclonic Cyclonic
Rossby wave breaking Rossby wave breaking
boundary layer tracer
Polvani & Esler (2007) stratospheric tracer
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RWB occurs on the flanks of the jets

- the momentum fluxes due to
RWB largely maintain the
midlatitude jet stream

WB frequency
(vear deg. lat" deg. long™")

- the jet-stream also modifies
the RWB frequencies through
its vorticity gradient, speed
and position

RWB and the jet-streams

form a tightly coupled
system

Barnes & Hartmann (2012)

CSuU Elizabeth A. Barnes




T
RWB occurs on the flanks of the jets

- the momentum fluxes due to
RWB largely maintain the
midlatitude jet stream

]
o
-
o

o
WB frequency
(vear deg. lat" deg. long™")

- the jet-stream also modifies

0 the RWB frequencies through
its vorticity gradient, speed
and position

10 25 10 25
30 30
50 50
70 20 70 20
100 E 100 E
— 2 5 :
RWB and the jet-streams
= 300 "3 = 300 u‘i d
5 g o 5 form a tightly coupled
£ 500 g & 500 {2
600 £ 600 £ SySTem
L& I 2
800 800
900 900
c) cyclonic (ANN) ¥ (d) anticyclonic (ANN)
1000— R O] " ———1 L 1000 — on — 0
80 60 -40 20 0 20 40 60 80 80 60 -40 20 0 20 40 60 80
latitude (deg.) latitude (deg.)

Barnes & Hartmann (2012)

CSuU Elizabeth A. Barnes




]
RWB and actual weather: wind storms

Storm Rank: 1 Peak Date: 18-25-01-1990
Days From Max Destructiveness: 2.25 Days From Max Destructiveness: 1.0 Days From Max Destructiveness: 0.0

extreme wind storm
“Daria”

- evolution of extreme wind-storms over Europe linked to RWB that occur
during +NAO events

- the most intense storms are associated with the simultaneous occurrence of
both cyclonic and anticyclonic flavors

Hanley & Cabellero (2012)
CSuU Elizabeth A. Barnes
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Atmospheric rivers and RWB

(b) Synoptic-scale conditions including
extratropical wave packet; 24-26 Mar 2005
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west coast of the U.S.

PV at 250 hPa
............ precipitation

4.0

- Many previous studies have
suggested a role for the
large-scale circulation in this
transport

Precipitation (mm /day)
PV (PVU)

1 Dec I 21 1 Jan 11 21 1 Feb 11 21 28 Feb
Time (day)

composite on 4 La Nina years
correlation = 0.7

Ryoo et al. (2013)
CSuU Elizabeth A. Barnes




Why do we care about water vapor in the Arctic?

CSU

Arctic is warming rapidly
compared to the rest of the
globe (“Arctic amplification”)

surface energy budget of the
Arctic is key in determining its
temperature

water vapor plays a critical
role in the surface energy
balance

warming faster ||

Screen & Simmonds (2010)
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Intense moisture intrusions can change LW fluxes

- Intense, filamentary moisture
intrusions into the Arctic can
modulate the long-wave
radiation reaching the surface

Eureka

Column
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Water (mm)
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skin temperature anomaly
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adapted from Figure 1 Doyle et al. (2011)
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Moisture transport into the Arctic

- Total moisture transport into

the Arctic: . . .

Moisture transport into Arctic (>70N)
 largest in summer o . | | | | | | | | | | | |
- smallest in winter 8 -

Contribution to P-E (mm/day)
2
|
|

- Synoptic + Low-Frequency
provides almost all of the
transport (transients)

- Synoptic transport is an L e e o B e e S L
. Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Annual
important component of the
total transport into the Arctic — Transport by the mea

=== Synoptic transport
mmm LF transport
—= d<q>/dt

Newman et al. (2012)
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Moisture transport occurs in bursts

- high-latitude moisture transport often occurs
as high-intensity plumes

- 6-hourly transport has a very large tail
(skewed toward positive extremes)

January 1, 2007

NVAP-M Climate s
gridded total column water
Vonder Haar et al. (2012)
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Moisture transport occurs in bursts

: : : Liu & Barnes (in prep)
- high-latitude moisture transport often occurs (6) Mesture transport an Jon 22

as high-intensity plumes

- 6-hourly transport has a very large tail
(skewed toward positive extremes)

January 22, 2007

(b) PDF of moisture transport
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NVAP-M Climate
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Vonder Haar et al. (2012)

similar conclusions reached by others
e.g. Woods & Caballero (2013), Doyle et al. (2011)
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Extreme transport is important in total budget

Extreme moisture transport
(90th %tile of fluxes)

(a) DJF

- Extreme transport accounts
for more than 60% of total
transient poleward moisture

transport (V'q’)

- Across 60N, extremes
account for...

* 69% in winter

* 66% in summer

Liu & Barnes (in prep)
Elizabeth A. Barnes
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What does the circulation look like during these events?

Large-scale circulation associated with moisture intrusions
into the Arctic during winter

Cian Woods,! Rodrigo Caballero,! and Gunilla Svensson!

Potential temperature on 2PVU

blocking | X
structure : a

composite at time of
maximum moisture fluxes
through Labrador Sea

Woods et al. (2013)
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What does the circulation look like during these events?

Large-scale circulation associated with moisture intrusions
into the Arctic during winter

Cian Woods,! Rodrigo Caballero,! and Gunilla Svensson!

Moisture transport (Shading)
Potential Temperature (Contour)

(a) West Atlantic (# 951)
—— ]

Potential temperature on 2PVU

blocking | X
structure : a

(e
7

) )
0 30E
40 55 70 85 100  kg/(mxs)

composite on 90th %tile fluxes
across the Labrador Sea

Cyclonic wave breaking!

Woods et al. (2013) Liu & Barnes (in prep)
CSuU

composite at time of
maximum moisture fluxes
through Labrador Sea
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What does the circulation look like during these events?

Composites of potential temperature on 2PVU
during extreme poleward moisture transport events

(b) East Atlantic (# 925)

80N
Anticyclonic
70N+ wave breaking

60N

S0N A
40N '_/.—J——-—"/_F\
T I\ T T
60W 30w 0 30E

(c) Central Pacific (# 983)

Cyclonic
wave breaking

120E 150E 180 150W 120W

——
40 55 70 85 100  kg/(mxs)

Liu & Barnes (in prep)
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What does the circulation look like during these events?

Composites of potential temperature on 2PVU
during extreme poleward moisture transport events

(b) East Atlantic (# 925)

80N

Anticyclonic
70N+ wave breaking
60N -

S0N A
40N '/—J——-—"/_F\
T I\ T T
60W 30w 0 30E

(c) Central Pacific (# 983)

Cyclonic
wave breaking

120E 150E 180 150W 120W

——
40 55 70 85 100  kg/(mxs)

CSU

The goal of this work is to quantify

the contribution of RWB to moisture
transport into the polar cap.

Liu & Barnes (in prep)
Elizabeth A. Barnes




Our approach

(b) Moisture transport & pot. temp.

60N -

40N -

Liu & Barnes (in prep)

Elizabeth A. Barnes



Our approach

(b) Moisture transport & pot. temp.

&

1. identify RWB by searching for
overturning of potential temperature
on the 2PVU surface Lietal. (2014) 60N -

40N -

Liu & Barnes (in prep)
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Our approach

1. identify RWB by searching for
overturning of potential temperature
on the 2PVU surface Lietal. (2014)

2. moisture transport is calculated as
vertically integrated v'q’ from the
MERRA reanalysis

(b) Moisture transport & pot. temp.

60N -

40N -

-

Liu & Barnes (in prep)
Elizabeth A. Barnes




Our approach

(b) Moisture transport & pot. temp.

1. identify RWB by searching for =
overturning of potential temperature

on the 2PVU surface Livetal. (2014) 60N -

2. moisture transport is calculated as
vertically integrated v'q’ from the
MERRA reanalysis 40N -

3. only look at fluxes for v’>0 and g'>0
to capture poleward transport of
water vapor by transients

90W 60W 30W

Liu & Barnes (in prep)

Elizabeth A. Barnes



Our approach

(b) Moisture transport & pot. temp.

1. identify RWB by searching for =
overturning of potential temperature

on the 2PVU surface Livetal. (2014) 60N -

2. moisture transport is calculated as
vertically integrated v'q’ from the
MERRA reanalysis 40N -

3. only look at fluxes for v’>0 and g'>0
to capture poleward transport of
water vapor by transients

90W 60W 30W

4. find RWB contours that overlap
intense “blobs” of v'g’

Liu & Barnes (in prep)

Elizabeth A. Barnes



Our approach

(b) Moisture transport & pot. temp.
2232007

=

1. identify RWB by searching for
overturning of potential temperature
on the 2PVU surface Lietal. (2014) 60N -

)
T e

2. moisture transport is calculated as
vertically integrated v'q’ from the
MERRA reanalysis 40N -

3. only look at fluxes for v’>0 and g'>0
to capture poleward transport of
water vapor by transients

90W 50W 30W

200 300 400 500 600 700 80O kg/(mxs)

(a) Moisture transport & pot. temp

4. find RWB contours that overlap 60N - ) 06Z Jdn 6, 1979
intense “blobs” of v'q'’ S

40N -

20N 1

90W 60W 30W
Liu & Barnes (in prep)
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Sanity check

Composites of potential temperature on 2PVU
during poleward moisture transport events

(b) East Atlantic (# 925)

80N
70N '/

60N 1 Anticyclonic
50N 4 wave breaking
N =\

T I\ T T

6OW 30W 0 30E

(c) Central Pacific (# 983)
80N
70N 1
60N - Cyclonic
wave breaking
50N -
40N
120E 150E 180 150W 120W
— [ [

——
40 55 70 85 100  kg/(mxs)

Liu & Barnes (in prep)
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Sanity check

Composites of potential temperature on 2PVU
during poleward moisture transport events

(b) East Atlantic (# 925)

:,/

=

Composites of poleward moisture transport

on wave breaking events

(c) AWB (# 206)

Anticyclonic
wave breaking

o

i

relative latitude

|
N
o

30W 0
(c) Central Pacific (# 983)

-30 0 30
relative longitude

(d) CWB (# 485)

Cyclonic
wave breaking
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1
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— [ |
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relative latitude

|
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o

-30 0 30
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Liu & Barnes (in prep)

Elizabeth A. Barnes



Contribution of RWB to transport

- RWB contribution occurs along Extreme moisture transport in DJF

the storm tracks
(a) Total transport

- RWB accounts for a large
fraction of extreme transient
poleward moisture transport
across 60N

* 68% in winter

* 56% in summer

- Of the total transient transport
across 60N, RWB accounts for
more than

 47% in winter

e 37% Iin summer

Liu & Barnes (in prep)
CSuU Elizabeth A. Barnes




Cyclonic vs Anticyclonic

(c) AWB transport o (b) East Atiantic (# 925)
60N - H H
Anticyclonic
50N 4
40N'/"——'—/_'\
60W 30W 0 30E

(c) Central Pacific (# 983)

Cyclonic

- Cyclonic breaking has a larger contribution at higher latitudes (on the cyclonic flank
of the jet)

- Anticyclonic breaking contributes more overall than cyclonic

Liu & Barnes (in prep)

CSuU Elizabeth A. Barnes




Contribution of Anticyclonic RWB in midlatitudes

(c) AWB transport

60°N s
SOON' ---»
‘ Anticyclonic
1 breaking
40°N {
30°N
- Hot-off-the-press results by Payne
& Magnusdottir: ] S —
* role of anticyclonic wave 180°W  160°W  140°W 120°W
breaking in extreme moisture |
transport to the western US Okgm™s” 500 kgm™s”

PV at 200 hPa
jet stream (200 hPa wind speed)

Payne & Magnusdottir (2014)
CSuU Elizabeth A. Barnes




Seasonality of RWB-related transport

CSU

kg/(mxs)

(a) N. Atlantic AWB transport

0 -
_1_\\\/\/

_2 I I I I I I I I I I
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Liu & Barnes (in prep)

Elizabeth A. Barnes



Seasonality of RWB-related transport

(a) N. Atlantic AWB transport

- What determines the seasonal 2
cycle of RWB contribution?

- Magnitude: are we getting
more moisture flux per RWB?

N

\
) _\\\/\/
- Frequency: is RWB

1 _2 1 1 1 1 1 1 1 1 1 1
becoming more frequent? JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

kg/(mxs)

Liu & Barnes (in prep)
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Seasonality of RWB-related transport

(a) N. Atlantic AWB transport

- What determines the seasonal 2
cycle of RWB contribution?

- Magnitude: are we getting L

more moisture flux per RWB? \\\/\/ A
_‘| -

- Frequency: is RWB
1 _2 1 1 1 1 1 1 1 1 1 1
becoming more frequent? JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

kg/(mxs)

TOTAL moisture transport due to RWB

(M) Magnitude of moisture per event x (F) Frequency of RWB

(MF) = M'F + MF + other terms

these are small

Liu & Barnes (in prep)
CSuU Elizabeth A. Barnes
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Seasonality of RWB-related transport

B—1 total

— — approx
&——e magnitude
o——o frequency

jet latitude

- seasonality of the RWB-related
transient transport is due to

(a) amount of moisture flux
(b) frequency of RWB

- frequency of RWB is tightly
coupled to the jet position

Liu & Barnes (in prep)
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Seasonality of RWB-related transport

(a) N. Atlantic AWB transport

2
B—= {otal
1-
— — approx ’g(? 4
e&——e magnitude é 0 N &
N o
e——o frequency 2 \\\// ©
_1-
jet latitude
—2 1 1 1 1 1 1 1 1 1 1
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
- seasonality of the RWB-related . (b) N. Atlantic CWB transport
transient transport is due to
: 11
* (@) amount of moisture flux ‘@ /\ _
E O-A——"—‘ S
« (b) frequency of RWB Y \-\/_/'// S
X
_1-
- frequency of RWB is tightly
coupled to the jet position JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Liu & Barnes (in prep)
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Seasonality of RWB-related transport

(a) N. Atlantic AWB transport

2
VAR
»— total
— — approx ’2\ 1 -
e&——e magnitude \E/ 0 — N o
~N > g
e——o frequency g \\f
_‘]-
jet latitude
_2 ] ] ] ] ] ] ] ] ] ]
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
- seasonality of the RWB-related (b) N. Atlantic CWB transport
transient transport is due to
. 1’ ~
» (@) amount of moisture flux & K //\ _
E o = = 8‘,
- (b) frequency of RWB § “ o
-1 Ne——
- frequency of RWB is tightly
I | I _2 ) ) ) ) ) ) ) ) ) )
coupled to the jet position JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Liu & Barnes (in prep)
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Seasonality of RWB-related transport

(a) N. Atlantic AWB transport
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Seasonality of RWB-related transport

(a) N. Atlantic AWB transport
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Seasonality of RWB-related transport

(a) N. Atlantic AWB transport

2 60
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B—1 total 55
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Liu & Barnes (in prep)
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Seasonality of RWB-related transport

(a) N. Pacific AWB transport

2 60
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Year-to-year variability: NAO

- RWB is tightly-tied to the low-
frequency variability of the jet-
streams

- Some studies suggest that in
fact they are one and the
same!

Standard Deviations

- Also, the type of RWB and
location can be important in
driving jet-variability

Woollings et al. (2008)

T T T T T

T
—— NAO
21| — — HLB (times —1)

North Atlantic 4

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Cyclonic Greenland wave breaking
correlated with the NAO

Elizabeth A. Barnes
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Year-to-year variability: NAO

(a) Regression on NAO

- NAO modulates RWB-moisture 80N -
transport across 60N 20N -
60N =
« decrease over Greenland
OON = raams S
* increase over UK & 40N -
Scandinavia 30N

- Pattern is a well-known response  ““ow  edw 30w

of RWB to the NAO

-35-3-25-2-15-1-0505 1 15 2 25 3 3.5kg/(mxs)

(b) regression on NAO along 60N

Total

— = AWB

— - CWB

Anticyclonic -> increase over Europe 0

Cyclonic -> decrease over Greenland — 37
_4_

90w BOW 30W 0 30E
Liu & Barnes (in prep)
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Year-to-year variability: ENSO

- During El Nino events, jet
shifts equatorward

- More cyclonic RWB

- Less anticyclonic RWB

anticyclonic RWB
mssssssss  cyclonic RWB

35 ] 35 ]
301 LaNina, ., ElINino
> 257 1 2 251
O ©
~ 2071 1> 2071
3 S
o 15[ 1 2 151
£ £
i) L - > L
= 10 = 10
5 T 51
0 0
98 00 07 08 98 00 07 08 82 97 02 09 82 97 02 09
99 01 08 09 99 01 08 09 83 98 03 10 83 98 03 10
Types of Rossby wave breaking Types of Rossby wave breaking

Ryoo et al. (2013)
CSuU Elizabeth A. Barnes




Year-to-year variability: ENSO

(a) Regression on ENSO

80N - ,\-j’"
- ENSO modulates RWB-moisture 70N
transport across 60N 60N
50N A )
- decrease over North Pacific 40N - -
, 30N
 increase over western Canada s L QU e ~
120E 150E 180 150W 120W 90
« overall decrease across 60N - T T T
-35-3-25-2-15-1-0505 1 15 2 25 3 3.5kg/(mxs)
(b) regression on ENSO along 60N
Total
‘| .
- both flavors of RWB contribute to A SN
these changes -
ko)

—2 1

120E 150E 180 150W 120W 90W
Liu & Barnes (in prep)
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One more thing...models have difficulties with the jet

. CMIP5 Historical jet latitude (N. Pacific)
- models place the jet too far S0 Tawreom o ‘ ® MERRA
equatorward * @ CMIP5 |

o
T

N
)
2

- models tend to over-estimate
the seasonal cycle of the jet

jet latitude (deg. N)
SN
il

40 § -
35 [
Jet biases may have orom A M s A s e e Al
: . . CMIPS5 Historical jet latitude (N. Atlantic)
llmﬁ)llcatlor?s for how rr?oc/jA\eIs. o0 et — e ; MEF%RA
simulate moisture Into the Arctic o | ® CviPs |

sk O—pe 0

jet latitude (deg. N)
I
<

CSuU Elizabeth A. Barnes




The Future: jet shifts

jet shift (deg. poleward)

CMIP5 models project poleward

shifts of the jet-stream in most
seasons

zonal differences in the North
Pacific jet response in winter

RCPS8.5 (2076-2099) minus Hist. (1980-2004)

bars denote 25-75 %tiles [

Annual ¥
DJF *

MAM

JUA

0000

SON

SH N. Atlantic N. Pacific

Barnes & Polvani (2013)

CSU

c)Pacific consensus

d)Atlantic consensus
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o= NWArOION

Simpson et al. (2014)
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The Future: jet shifts & RWB

- future poleward jet shifts are tied to changes in the distribution of RWB

shift

decrease

10f 2xCO minus 20C3M ] I 10f
. . 30- 8 30- . . .
IN cyclonic [ _ 21 in anticyclonic
70F 1L 70}
et shi 6 o ~
100} 1 8 100} 8
. | 1y @ &
< 200} L~ g = 200 g
T R ‘TE
= F © = F
o 300 | g o 300 f>)-,
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The Future: jet shifts & RWB

- future poleward jet shifts are tied to changes in the distribution of RWB
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The Future: decreases in cyclonic RWB
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- More poleward jets are linked to less cyclonic RWB

If the jet shifts poleward in the future, will we have less

cyclonic RWB-induced moisture transport at 60N?
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- More poleward jets are linked to less cyclonic RWB

If the jet shifts poleward in the future, will we have less

cyclonic RWB-induced moisture transport at 60N?

We don’t know yet!

(but changes in the moisture capacity of the atmosphere will likely dominate)
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5
Conclusions

1. Extreme synoptic moisture transport events contribute a
substantial amount to the total transient moisture
transport across 60N

2. Synoptic Rossby waves are an important driver of these
extreme intrusion events

3. Future changes in the jet-stream and Rossby wave
breaking frequency have the potential to drive changes
in the intensity and frequency of these intrusions
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