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Building Blocks

Key developments that made possible the findings presented here:

 Zhu and Newell defined “atmospheric rivers” (publ. 1998)

 Expanded SSM/I satellite data readily available (1998)

o CALJET/PACJET field experiments conducted (1998, 2001)

« NCEP/NCAR reanalysis data available on line (2000)

« Atmospheric River Observatory created (2001)

« NOAA'’s Hydrometeorology Testbed pilot study near Russian River (2003, 2004)
« Offshore structure diagnosed using aircraft & satellite data (publ 2004, 2005)

 Neiman et al. catalogue of atmospheric river events from 1997-2005 (publ 2008)



Zhu & Newell (1998) concluded in a 3-year ECMWFE model diagnhostic 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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Observational studies by Ralph et al. (2004, 2005, 2006) extend model results:

1) Long, narrow plumes of IWV >2 cm measured by SSM/I 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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Ralph et al. (2005), MWR



Orographic precipitation and the controlling layer
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Height, MSL (km)

Correlation coefficient:
Hourly averaged upsiope flow at BBY vs, hourly rain rate at CZD
0
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Component of the flow in the orographic controlling layer directed from 230°,

i.e., orthogonal to the axis of the coastal mtns
Neiman et al. (2008), Water Management



Hourly GPS IWV from BBY (cm)
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Hourly GPS IWV from BBY (cm)
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*Nearly 2/3 of tropospheric water vapor is in the lowest 2 km MSL.
Hence, to first order, the IWV flux provides a close estimate
of the low-level water-vapor transport into the coastal mountains.
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Height, MSL (km)

SIDEBAR: Research has identified an efficient, shallow
orographic precipitation process, i.e., “Non-Bright-Band”
(NBB) rain (white et al. 2003, Neiman et al. 2005, Martner et al. 2008)

» Using S-Prof vertically pointing radars, periods of shallow rain without a bright
band have been documented.

» This NBB rain consists of large numbers of small rain drops, like drizzle, with an
absence of large drops, but can produce significant rain rates.

» Often the echoes will occur below standard
NEXRAD radar scans. " B
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NBB rain accounts for a significant fraction
of seasonal rainfall total
ESRL S-band Radar Operating Sites

Coastal
Mountains Coast Inland Mountains

Year CzD | BBY | PTS | GVY | MBO | ATA | SPD | CFX

1998 29.4
2001 18.2 | 24.5
2001/02 | 50.0 353 | 17.8

2002/03 | 41.5

2003/04 | 42.2 | 31.4

2004/05 | 29.3

2005/06 | 37.3 21.2

2006/07 | 38.0 29.4

2007/08 | 29.0 17.2 14.9
2008/09 | 31.6 26.3 31.8 | 38.8

AVG. | 35% 27% 26%




Assuming WSR-88D network could detect shallow
NBB rain, operational algorithm would greatly

underestimate NBB rain rate

For the radar reflectivity
associated with a NBB rain rate
of 10 mm hr, the “west coast”
operational algorithm would
underestimate the rain rate by a
factor of 3.6, i.e., 10 mm hr?t vs.
2.75 mm hri,

For the same radar reflectivity,
the “tropical” Z-R relationship,

Z = 250R12, would
underestimate the NBB rain rate
by a factor of 5, i.e., 10 mm hr?
vSs. 2.0 mm hr1,
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S-Prof Radar reflectivity vertical profiles over 5 days (6 3 inches of rain)
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* Heavy cool-season rain & flood events along the U.S. West Coast are orographically
driven and occur most often when narrow warm-sector corridors of strong water-

vapor transport (i.e., atmospheric rivers — ARS) intersect the coastal mountains (e.g.,
Ralph et al. 2006 in GRL; Neiman et al. 2008 in JHM).

Global reanalysis IVT (kg st m1): 16-Feb-04 |

17 Feb 04 daily
streamflow rank
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Pacific Northwest Landfalling AR of early November 2006
Neiman et al. (2008a)

SSM/I satellite imagery Global reanalysis melting-level
of integrated water vapor (IWV, cm) anomaly (hPa; rel. to 30-y mean)
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This AR is also located near the leading Melting level ~4000 ft (1.2 km) above
edge of a cold front, with strong vapor normal across much of the PacNW
fluxes (as per reanalysis diagnostics) during the landfall of this AR




Hydroclimatic analysis for the AR of 5-9 November 2006
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What are the long-term hydrometeorological impacts of landfalling ARs in western
North America? Neiman et al. (2008b)

Approach: Developed a methodology for creating a multi-year AR inventory.
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satellite composite images

» 8 water years Oct97-Sep05:

ol © Identify IWV plumes >2 cm (0.8”):
>2000 km long by <1000 km wide.

* AR landfall at north- or south-coast
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Composite Mean Reanalyses — focus on North Coast Winter

Winter (DJF)

WV (cm) — trEene Composite mean SSM/I axes
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* The daily gridded NCEP-NCAR reanalysis dataset (2.5° x 2.5°; Kalnay et al.
1996) was used to create composite analyses during AR conditions — 29 dates.

» Composite reanalysis IWV plume oriented SW-NE from the tropical eastern
Pacific to the coast.

« Composite plume situated ahead of the polar cold front.
* Wintertime ARs produce copious precip along coast, & frontal precip offshore.

* Reanalysis composites accurately depict the positions of the IWV plume and
precip. bands observed by the SSM/I composites... denoted by dotted lines.




Composite Mean Reanalysis IVT (kg s* m1) — North Coast winter
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« Strong vapor transport intersects coastline during winter, with
maximum on the warm side of the cold front.

* Transport originating from low latitudes




sond (&) 13 Oct 2009 p.m. composite Atmospherié 3i7n5£mh

Situational awareness:
Three examples
suggestive of
entrainment of tropical
water vapor, i.e., a
TROPICAL TAP

Examples of AR events that
OEN produced extreme precipitation
on the US West Coast, and
exhibited spatial continuity with
the tropical water vapor
reservoir as seen in SSM/I
satellite observations of IWV.

Atmospheric




Fine tuning: A mesoscale frontal wave can increase the duration of AR
conditions, leading to a localized region of extreme precipitation

(c) Mesoscale conditions including
frontal wave; 26-27 Mar 2005

Hours AR conditions }
were present from
07 UTC 26 Mar to
19 UTC 27 Mar

|
Frontal wave cusp |

Heaviest
. rain and
flooding

)

SSM/I VW Image: 16 Feb 2004

17 Feb 04 daily
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Ralph et al., Mon. Wea. Rev. (2011; in press)

Ralph et al., Geophys. Res. Lett. (2006)

See also case shown in Neiman et al.,, Mon. Wea. Rev. (2004)




Prototype forecast tool tested at 3 CA couplets during NOAA’'s HMTs

0030Z 5-Jan-08: Intense western U.S. storm
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Central: Piedras Blancas (PPB; 11 m MSL) Three Peaks (TPK; 1021 m MSL)
South: Goleta (GLA; 3 m MSL) San Marcos Pass (SMC; 701 m MSL)




4 Jan 2008 1500 UTC
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Atmospheric River Observatory: Combines scientifically based
thresholds with observations and model forecasts
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IWV loop of AR for Tennessee flood: 04Z 1 May — 23Z 2 May 2010

« Eastern U.S. AR springtime event generating dominated by deep convection
» Widespread 48-h rainfall 1- 2 May 2010 across TN and KY: 8 — 20 in. were common
« 26 fatalities throughout affected region (11 just in the Nashville area), $2 billion in damages




4D Connections Between Jet Stream Structures and
Coastal Low Intensification — Feb 3, 6 2010
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Conclusions

Atmospheric rivers are responsible for 90% of meridional water vapor transport.

An AR represents the region of strong horizontal water vapor transport in the
warm conveyor belt within an extratropical cyclone, ahead of surface cold front.

AR conditions are highly favorable for creating orographic precipitation.

Most flooding events in along the US West Coast occur in association with AR
conditions.

Not all ARs produce extreme precipitation.

Conditions that favor an AR producing extreme rainfall and possibly flooding:
— Large IWV contents
— Strong winds in the low-level jet
— Favorable wind direction orientation relative to terrain orientation
— Synoptic scale upward motion
— Slow propagation of the AR across a region, possibly due to mesoscale frontal wave

Tools are being developed to better detect, monitor and predict AR conditions.



Thank You!
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The top of three panels of the forecast tool
displays hourly wind profiles and snow levels

Model: Advanced Research WRF (ARW), 48-h duration
Grid configuration: 3 km horizontal, 30 vertical levels
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The middle panel displays the
upslope component of the flow and the IWV
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The IWV and upslope flow from the middle panel are
combined to produce a bulk IWV flux, which is
displayed in the bottom panel along with the
coastal and mountain hourly rainfall
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Compare observations with numerical model results to gauge
how well the model is performing with respect to the
orographic forcing and associated QPF.

Forecast Model Configuration

Model type: Advanced Research WRF (ARW) —
Grid Configuration: i Y 0

- 3 km horizontal grid spacing
- 30 vertical layers

Forecast duration: 48 hour forecast

Model Physics:
- Ferrier microphysics
- RRTM long-wave radiation
- Dudhia short-wave scheme
- MRF surface layer scheme
- thermal diffusion land-surface scheme
- YSU boundary layer scheme

| 1 | | | | 1 | I I I

Initial and boundary conditions: model domain and »\x
- NAM forecast terrain elevation (m) agT=

EEREEEEEEREEE R R R
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