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Zhu & Newell (1998) concluded in a 3-year ECMWF model diagnostic study:

1) 95% of meridional water vapor flux occurs in narrow plumes in <10% of zonal circumference
2) There are typically 3-5 of these narrow plumes within a hemisphere at any one moment.
3) They coined the term “atmospheric river” (AR) to reflect the narrow character of plumes.
4) ARs constitute the moisture component of an extratropical cyclone’s warm conveyor belt.
5) ARs are very important from a global water cycle perspective.
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Atmospheric River Events 20 Nov-3 Dec 2012

Integrated Water Vapor GFS Analysis Nov 20, 2012 18 UTC

Animation courtesy of Don Murray (NOAA/ESRL/PSD)




Offshore Structure Diagnosed with Aircraft and Satellite
Observations

PACJET-2001 schematic cross-section for
Type-1 storm survaillance with fluxes
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and PACJET (2001)




Observational studies by Ralph et al. (2004, 2005, 2006) extend model results:

1) Long, narrow plumes of IWV >2 cm measured by SSM/| satellites considered proxies for ARs.
2) These plumes (darker green) are typically situated near the leading edge of polar cold fronts.

3) P-3 aircraft documented strong water vapor flux in a narrow (400 km-wide) AR; See section AA'.
4) Airborne data also showed 75% of the vapor flux was below 2.5 km MSL in vicinity of LLJ.
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Why do landfalling ARs create heavy rain?
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experiments used the NOAA
P-3 aircraft to profile ARs

Composite sounding located
500 km off CA coast in atmos.
river & pre-cold-frontal LLJ

LLJ directed toward coast and
situated at 1 km MSL

Most (75%) of pre-cold-frontal

along-river moisture flux is
below 2.5 ksm MSL
Moist neutral stratification

below 2.8 km MSL, hence no
resistance to orographic lifting

Overlapping set of conditions
conducive to orographic rain
enhancement in coastal mtns

Ralph et al. (2005), MWR



17 Feb 04 daily
streamflow rank

© Record

© Top 0.2 percent

© Top 1 percent

@ Top 2 percent

* Remainder of sites

e SSM/I satellite data shows atmospheric river
e Stream gauge data show regional extent of high
stream flow covers 500 km of coast
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Flooding on California’s Russian
River: Role of atmospheric rivers

Ralph, F.M,, P. J. Neiman, G. A. Wick, S. I.
Gutman, M. D. Dettinger, D. R. Cayan, A. White

Geophys. Res. Lett., 2006

Russian River floods are associated
with atmospheric rivers
- all 7 floods over 8 years.

Flooding in Western Washington: The
Connection to Atmospheric Rivers

Paul J. Neiman, Lawrence J. Schick, F. Martin Ralph,
Mimi Hughes, and Gary A. Wick
J. Hydrometeorology (2011)

Of 48 annual peak daily flows on 4
watersheds, 46 were associated with the
land-fall of atmospheric river conditions.




Atmospheric Rivers, Floods and the Water Resources of California

by Mike Dettinger, Marty Ralph, , Tapash Das, Paul Neiman, Dan Cayan
Water, 2011 (in Press)
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Droughts, on average, end with a bang (and begin with a whimper)
all over the U.S.

* Atmospheric rivers provide the bang in a large fraction of the
west coast drought breaks, especially in winters

Average Differences in PDSI from its Value in Break Month Average PDSI Step during Upward Crossings of PDSI=-2

X

Difference in PDSI
S

Solid: Break = Upward crossing of PDSI =-2 and === =1
F PDSI stays up = 5 months
=
_5 1 2 1 . 1 2 1 M [] 1 M []

-6 -4 -2 0 2 4 6
Month from Drought Break

PDSI Units

Dettinger, Michael D., 2013: Atmospheric Rivers as Drought Busters on the U.S. West Coast. J. Hydrometeor, 14, 1721-
1732.




MOST COMMON SEASON AMONG TOP 10 DAILY  Analysis from COOP daily precipitation

PRECIPITATION TOTALS, WY 1951-2008 :

observations.

-Each site uses at least 30 years of data
-The top 10 daily precip dates are found
-The season for which most of these
top-10 dates occurred at that site is
color coded.
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-The affect of the southwest Monsoon
is seen in yellow dots in AZ, CA, UT,
NM, and CO (yellow sites in the Great
Plains are not monsoon dominated)
-The affect of atmospheric rivers is
highlighted by blue and red dots,
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state, plus inland penetration of AR
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Schematic illustration of regional variations in the primary weather phenomena
that lead to extreme precipitation, flooding and contribute to water supply in the Western U.S.
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The Landfall & Inland Penetratlon of a Flood- Producmg Atmospheric Rlver in Arlzona
Part 1: Observed Synoptlc-scale,_ Orographic, & Hydrometeorological Characteristics

Paul J. Neiman?, F.M. Ralph?, B. Moore2 M. Hughes?, K. Mahoney J. Cordeira2, M. Dettinger3
1NOAA/PhyS|caISC|ences D|v' Boulder CO 2CIRES/N@AA Boulder CO; 3Scnpps La JoIIa CA

| J Hydrometeor 14 460 484 (Apr|I 2013)
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SSM/I IWV satellite imagery 20-21 Jan. 2010
depicts a strengthening AR making landfall

20 Jan 2010 p.m.
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24-h precip ending 127 22 Jan. 2010:
Advanced Hydrological Prediction Services
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ARs crossing the Baja Peninsula

Rutz, J. J. and Steenburgh, W. J. (2012), Quantifying the role of atmospheric rivers in the

Motivation

— Provide a follow-up to the work of Dettinger et
al. (2011), which assessed the influence of ARs on
western U.S. precipitation, but did not consider

ARs crossing the Baja Peninsula

Method

— If an AR is present for ~24 h along the North
American west coast from 24-52.5°N,
precipitation on that day and the next are

attributed to the AR.

— The “AR fraction” is the fraction of total
cool-season (Nov — Apr) precipitation

attributed to ARs
— Includes Baja Peninsula

interior western United States. Atmos. Sci. Lett., 13: 257-261. doi: 10.1002/as1.392

Neiman et al.
(2008)
Dettinger et al
(2011)

32 5°N—>

addition by Rutz
and Steenburgh (201 2)

24 0°N—)



ARs crossing the Baja Peninsula
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LARGEST 3- DAY PRECIPITATION TOTALS 1950- 2008

" } '@

o 300 <P <400 mm : f
m‘dﬂﬂcPcSﬂﬂ rnm| | '-.
SR P>500mm 1 1 \ e | .
105°W 90w 75"W
2 300 < P <400mm
Ralph, F.M., and Dettinger, M.D., Historical and national

perspectives on extreme west-coast precipitation associated
with atmospheric rivers during December 2010: Bulletin of the

American Meteorological Society, (2012)

3 400 < P < 500mm

4 P >500mm



Physical Processes Associated with Heavy Flooding Rainfall in
Nashville, Tennessee, and Vicinity during 1-2 May 2010:
The Role of an Atmospheric River and Mesoscale Convective Systems

Ben Moore, Paul Neiman, Marty Ralph, Faye Barthold
Monthly Weather Review (2012)
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Integrated Water Vapor (IWV) Perspective

Pac NW AR TN Flood “Snowmageddon”
Nov 2006 May 2010 N Feb 2010
Record rain o et > S$2B damage East Coast Paralyzed

(92

D
IWV (cm)

w

.........

LA —

Integrated Water Vapor Transport (IVT) Perspective

o :
- >l
. - A
[ T S s
v da - - . -
> il e L o - ¥
: Rt R R T - A &+ k4
" _,1---_:_-;{_3"-' ot S Sl T ;"'-\‘. a 4+ z¥
41— P P ":_A a4 & & a4 4
i.\_\._‘_ : | N e T' .
1ETW 1400 120w

| |

200 300 400 500 600 700 800 1000 1200 1400 1800 kg m™'s!




i
&
LJC San Diego
Atmospheric Rivers and Flooding over the Central United States
D.A. Lavers and G. Villarini. Journal of Climate (2013)

AR-AM link for all AM floods

Percentage of all
Annual Maxima
(floods) related to
identified ARs.

Intense AR behind June 2008 Midwest floods.
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Center for Western Weather and Water Extremes (CW3E)

5
AN . LUJC San Diego

Winter floods in Britain are connected to atmospheric rivers

D.A. Lavers, R.P. Allan, E.F. Wood, G. Villarini, D.J. Brayshaw, and A.J. Wade
Geophysical Research Letters (2011)
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LJC San Diego
The nexus between atmospherlc rivers and extreme precipitation across

Europe
D.A. Lavers and G. Villarini. Geophysical Research Letters (2013)

Number of Top 10 Annual Maxima (daily
preC|p|tat|on) related to ARs

Mumcer of Top L0 AM related to Alls
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Composite mean MSLP anomalies (hPa)
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Altitude MSL (km)

Atmospheric River
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91 AR events
observed
over 6 years

Storm-total rainfall at CZD
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91 AR events — 1 — 1

(a) CZD rainfall vs BBY upslope WV flux; R? = 0.7453
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‘ An Atmospherlc Rlver-focused long-term

’ observing network is being installed in CA
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180° 150°W

Atmospheric Rivers in IPCC-AR4 climate-
change projections by 7 modern GCMs

)

Water Vapor &
y Low-Level Winds

18 January 2100 >+ B
" GFDL CM2.1 GCM under A2 emissions scenario - = * * * ™’

[ - N - - - . . . L see. oo

e g

23 December 2090 [« = =« -~ * .
ECHAMS GCM under A2 emissions scenario puams

120°W 20°W

By end of 215t Century, most GCMs yield:

« More atmospheric vapor content, but
weakening westerly winds

—>Net increase in “intensity” of extreme
AR storms

* Warmer ARs (+1.8 C) =2 snowline raised
by about 1000 feet on average

* Lengthening of AR seasons (maybe?)

Dettinger, M.D., 2011, Climate change,
atmospheric rivers and floods in
California—A multimodel analysis of storm
frequency and magnitude changes: Journal
of American Water Resources Association,
47, 514-523.
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CalWater 2 NASA DC-8

Experimental Design Schematic - Aerosols, trace gases

- Precipitation estimates

Ship

- DOE AMF2

- Small UAS

- Air-sea fluxes

- Precipitation estimates

Water Vapor Budget Boxes

- NASA Global Hawk
- Dropsondes, aerosols

Aerosol Profiling

- NASA DC-8
- Aerosols, trace gases

Remote
aerosol plume
(schematic)

Ground

- NOAA HMT
- UCSD ATOFMS

Sierra Nevada,
Shasta, and
Coast Ranges
(white bars)

~

Operations bases
- Global Hawk,
DC-8 (NASA
Dryden)

- P-3B,G-1

(Monterey)
- Aerosols

- Microphysics

NASA P-3B

- Surface water level
- Soil moisture

160°W 150°W 140°W 130°W

WV (g cm'z)

Courtesy of F. M. Ralph, NOAA Earth System Research Laboratory



CalWater-2* “Early Start” field campaign

3-25 February 2014
Summary Courtesy of Marty Ralph
UCSD/Scripps/Center for Western Weather and Water Extremes

Flight area for NOAA’s G-1V aircraft on 8 Feb 2014
Goal: developing AR flight method to sample a
“frontal wave” that can cause an AR to stall over
one area at landfall (G-1V PI: Chris Fairall -
NOAA; Mission Scientists: Marty Ralph — Scripps,
Ryan Spackman — STC)

Up to>12
inches of rain -
some drought
relie

This AR increased precipitation-to-date
from 16% to 40% of normal in < 4 days
in key Northern California watersheds,
but runoff was muted due to dry soils.

Russian River’s highest
flow in > 1 year

*CalWater-2 is a 5-year program (from 2015-2019) proposed
to focus on West Coast precipitation processes and how a
changing climate will affect them. It is led by UCSD/Scripps
with partners from DWR, CEC, NOAA, NASA, DOE and others.




Great Plains Deep

. Convection
Atmospheric . onvectio

Rivers

(fall and winter) 2’

Spring Front
Range Upslope
(rain/snow)

Center for Western Weather & Water Extremes

Where: UC San Diego/Scripps Inst. Oceanography
Southwest _ La Jolla, California f
Monsoon When: Start - 2013
(summer & fall) Who: Dr. F. M. Ralph (Director)
Dr. Dan Cayan
Dr. Mike Dettinger
o4 10 other staff or affiliates
Mission

Provide 215t Century water cycle science, technology and outreach to support effective policies and
practices that address the impacts of extreme weather and water events on the environment, people and

the economy of Western North America

Goal

Revolutionize the physical understanding, observations, weather predictions and climate projections of
extreme events in Western North America, including atmospheric rivers and the North American summer

monsoon as well as their impacts on floods, droughts, hydropower, ecosystems and the economy






Backup slides



Validation of AR Forecasts — Results/Implications

While overall occurrence well forecast out to 10 days, landfall is less well
predicted and the location is subject to significant errors, especially at

longer leads

‘IDDD_ T T I i
800

600

BMS Error (km)

400 -

200 [_L

ECMWF = ||

Forecast Lead Time (days)

* Errors in location increase to over

800 km at 10-day lead

 Errors in 3-5 day forecasts

comparable with current hurricane
track errors

* Model resolution a key factor

From Wick et al., 2013
(Wea. and Forecasting)

* Models provide useful heads-up for AR impact and IWV content, but

location highly uncertain

* Location uncertainty highlights limitations in ability to predict

extreme precipitation and flooding

* Improvements in predictions clearly desirable



Overview of Scientific Findings from a Decade of Research
S50 M invested over 10 years (Federal, State, Local)

Table 1. Overview of findings from 10 years of atmospheric river research

ARs can...

Quantitative results

Formal reference

Cause heavy rain

90% of California’s heaviest 1-3 day rain events are from ARs

Ralph et al. 2010

Fill reservoirs

40-50% of northern California rain and snow

Dettinger et al. 2011

Bust droughts

40% of droughts in northern California ended with an AR

Dettinger 2013

Help fish

77% of Yolo Bypass inundations of fisheries/eco. significance

Florsheim & Dett.2013

Cause floods

100% for key coastal watersheds (and many in Central Valley)

Ralph et al. 2006

Break levees

81% of Central Valley levee breaks were AR related

Florsheim & Dett.2013

Catastrophes

“ARkStorm” flood scenario found >$500 Billion impact in CA

Porter et al. 2011

Can be monitored

Simple & complex tools can help, e.g., radar, aircraft, satellite

White et al. 2013

Partly predictable

Can be seen >5 days ahead; landfall position error is large

Wick et al. 2013

Partly predictable

Of 16 AR storms that caused 5 in of rain, 2 were predicted

Ralph et al. 2010




USGS organized a large team of experts. Dettmger et aI 2011 (Natural Hazards)

A meteorology team was formed and built ANFAARY Bl Exteme runoft
a plausible physical scenario. Back-to- g3 o g :f:n;“f:l:gj :Effsz;:l:ﬂz
back extreme AR events (mostly based on o T s

actual 1969 and 1986 storms) struck over Projected damage and
about 3 weeks . Considers the 1861/82

floods as an example. economic IOSSES exceed

The meteorological scenario was then s
given to follow-on groups of experts in RS 200
damage assessment and economic R L ] -
disruption estimation and has become

the basis for emergency preparedness

exercises.




CalWater 2 Science White Paper
(22 contributors; 30 Nov 2012; 22 pp)

CalWater 1 Precipitation, Asrosals, and Pacific
Ammospheric Rivers Experiment

Executive Summary

Emwegies ceteasch Bas degafied w0 phecomess S play ey roles e the varabiliny of S
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Eajer e aloag e US Wes Coast and
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HMT-West innovations were key elements in
NOAA's rapid response to a flood risk crisis
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USACE was considering taking
over operation of a dam in
Washington State during a
recent storm.

Using the HMT ARO at the
coast and NWS forecasts,
USACE saw the back edge of
the AR was coming ashore and
thus heavy rain was about to
end, so they did not take over
operation from the local water
agency.

See recent journal article by
White et al. (February 2012;
Bulletin of the American
Meteorological Society).



