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PRIORITY AREA: Atmospheric Rivers Research and ApplicationsHow can we improve how far in advance we can predict ARs? ïAR Recon

Atmospheric River Reconnaissance: 

Growth from Demonstration to Operations 

Demonstration of 

AR Recon

NWSOP Identifies 

AR Recon as a Long-

Term Operational 

Requirement starting 

in 2020
Lavers et al. 2018 GRL

Ralph et al. 2019 BAMS

Reynolds et al. 2019 MWR

Lavers et al. 2020 Wea Fore

Lavers et al. 2020 Nature Comms

Stone et al. 2020 MWR

Cobb et al. 2021 MWR

Haase et al. 2021 JGR

Prince et al. 2021 GRL

Zheng et al. 2021 BAMS

Zhang and Ralph 2021 MWR

Cobb et al. 2022 WAF

Wilson et al. 2022 BAMS

2022/23

39 IOPs, 48 flights

1 Nov ï31 Mar (with gaps)

Pace (minus gaps) and need:

60 IOPs/winter in NE Pacific

Dozens of papers overall, with 

several each in 2022 and 2023



J. Cordeira



AR RECON 2023
Status 25 January 2023 

4 USAF C-130 aircraft based at Mather Field in Sacramento, California
1 NOAA G-IV Jet based in Honolulu, Hawaii (through January 2023)

Jan 2023 Longest Flight Sequence on Record 
included IOPs* for 13 consecutive days

*IOP = Intensive Observing Period, indicate 
days when AR Recon flights are flown

NOAA G-IV

Air Force C-130

F. Martin Ralph, PI  (UC San Diego/SIO/CW3E)
Vijay Tallapragada, Co-PI (NOAA/NWS/NCEP)

Key support from California Department of Water Resources/AR Program and US Army Corps of Engineers/FIRO Program 



https://gis.earthdata.nasa.gov/portal/apps/sites/#/earth-information-center/pages/virtual-tour

NASAôs Major new earth science display in 

their Headquarters lobby opened in 2023 

highlights Atmospheric Rivers 



Vision for AR Recon 5-Year Expansion 2024-28



NOAA Science Advisory Boardôs ñPriorities for Weather Researchò report in 
response to Congressional Directive Recommended expanding AR Recon

OD-8.1. Implement a multi-phase program to improve the 

understanding and forecasting of ARs that leverages 

current and future aircraft, buoy, and satellite capabilities. 

The program should build upon existing capabilities and 

programs to expand coverage in space and time and 

improve forecasts through advanced data assimilation 

(OD-3), as well as integration of ocean surface and mixed 

layer observations (OD-7). 

OD-8.2. Adopt a research and operations partnership 

approach, including engagement of the international and 

academic communities. 

OD-8.3. The program development and implementation 

should create new forecast skill metrics targeting extreme 

precipitation prediction in the west and the phenomenon, 

ARs, that produces it. It should target socio-economic 

impact considerations including for use in reservoir 

operations to mitigate drought and flood impacts. 



Winter 2023/24: ñWestPac Expansionò

AtlanticEastPacWestPac

ÅInitial Demo

Å2-3 weeks during JanïFeb 2024

Å1-2 AF C-130s

*with one AF C-130 sampling ARs over Gulf of Mexico or off U.S. East Coast for NorôEasters, and coordinated radiosonde 

launches from NWS sites

ÅFull Season

Å1 Nov ï31 Mar

Å4 Aircraft (3 AF C-130s and 1 

NOAA G-IV)

ÅUS Demo*

Å3-4 IOPs (JanïFeb 2024)

Å1 Aircraft (in addition to 3 in EastPac)



Winter 2025/26: ñGARRP ïPilot Studyò

AtlanticEastPacWestPac

GARRP = Global Atmospheric River Recon Program

NAWDIC = North Atlantic Waveguide, Dry Intrusion, and Downstream Impact Campaign

**with one AF C-130 sampling ARs over Gulf of Mexico or off U.S. East Coast for NorôEasters, and coordinated radiosonde 

launches from both NWS and University partners

ÅFull Season

Å1 Nov ï31 Mar

Å4 Aircraft (3 AF C-130s and 1 

NOAA G-550)

ÅNAWDIC**

ÅJanïFeb 2026

Å1 AF C-130, plus 2 European aircraft 

for 5 IOPs, simultaneous with 

EastPac and WestPac IOPs

ÅFull Demo

Å6 weeks during JanïFeb 2026

Å2 AF C-130s, plus an 

international partner aircraft 

(South Korea, Japané?)

Lavers, D.A., F.M. Ralph, D.S. Richardson and F. 
Pappenberger(Communication Earth Environ, 2020)

Jan-Feb 2026 GARRP Demo
6-9  aircraft simultaneously sampling 
the 3 ARs in the two ocean basins, 
plus extra radiosondes over land



ATMOSPHERIC RIVER BOOK-CHAPTER 2: 
STRUCTURE, PROCESS, AND MECHANISM

NAWDIC-AR Recon 2026

Opportunity to Connect 

AR+WCB+TME? 



Winter 2027/28: ñGARRP ï2028ò

AtlanticEastPac

GARRP = Global Atmospheric River Recon Program

**with one AF C-130 sampling ARs over Gulf of Mexico or off U.S. East Coast for NorôEasters, and coordinated radiosonde 

launches from both NWS and University partners

ÅFull Season

Å1 Nov ï31 Mar

Å3 Aircraft (2 AF C-130s and 1 

NOAA G-IV)

ÅFull East Coast** JanïMar 2028

Å1 AF C-130 (western Atlantic)

ÅAnd an international European partner?

WestPac

ÅFull Demo

ÅJanïMar 2028

Å2 AF C-130s, plus an international 

partner aircraft (South Korea, 

Japané?)



Water Year 2023 Lake Mendocino Storage Water Year 2023

FIRO allowed retention of an 

extra 11,600 acre feet at 

Lake Mendocino after the 

onslaught of ARs in Dec-Jan 

Top of Normal 
ά/ƻƴǎŜǊǾŀǘƛƻƴέ tƻƻƭ

11,600 ac-ftFIRO Pool



Actual (with FIRO; thick black line) and modeled (without; red line) storage 
histories at Lake Mendocino during Water years 2020 and 2023.

Key FIRO Finding

Better forecasts of extreme precipitation, streamflow and thus the storms that 

produce them, can enable greater flexibility in operating many reservoirs, 

creating greater water supply reliability and reducing flood risk





Moving the needle on headline skill scores
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Getting the large-scale right isnôt good enough

Very slow improvement in QPF 

using traditional methods

- Canôt get precip right without getting 

the 4-D storm right (treating QPF as a 2-

D problem only doesnôt work)

- Lumping all storm types together hides 

solutions needed for different types

AR Recon is helping overcome 

these obstacles for ARs at least



Predictability of horizontal water vapor transport relative to precipitation: Enhancing 
situational awareness for forecasting western U.S. extreme precipitation and flooding

David A. Lavers, Duane E. Waliser, F. Martin Ralph, Michael D. Dettinger,  Geophys. Res. Lett.  2016

Composite mean of the 500 hPageopotential height anomalies at 
the analysis time (shading, in meters) and of the ensemble mean 
IVT forecast anomalies (contours, dashed where less than 
climatology) during the 140 largest ensemble spreads on forecast 
day 7.  Colored and contoured regions indicate areas where the 
composite mean is different from zero at the 90% significance 
level.

The greatest IVT forecast uncertainty at 
7-day lead time along the US West Coast 
is associated with large IVT and negative 
500 hPaheight anomalies offshore, i.e., 
AR conditions.

Purpose:Determine if IVT (represents a proxy for atmospheric rivers) has greater 
predictability than precipitation
Method:  Apply the potential predictability concept to NCEP global ensemble 
reforecasts over 31 winters 
Result:     IVT is more predictable than precipitation in the region 30-50°N, 120-125°
W.



PRIORITY AREA: Atmospheric Rivers Research and ApplicationsHow can we improve how far in advance we can predict ARs? ïWest WRF

Research is improving the skill of predicting ARs

ÅWY2022 RMSE is lower than the minimum value found in the 30-year West-WRF Reforecast

Å5-day forecast errors are as good as 3-day forecasts were pre-WY2018 (35% reduction)

Å10ï25% less error than GFS in predicting AR intensity at 1ï7 days lead time 



Atmospheric River 
{ǘǊǳŎƪ ŀǎ ŀƴ ά!wрέ ƻƴ 
/²о9Ωǎ !w {ŎŀƭŜ

Record daily rainfall at 
key locations, and 
record of 13% of 
annual rain for N. 
Sierra - in 1 day

GEFS + EPS = 80 
members
AR5: 30%
AR4: 35%
AR3: 30%

AR4 or AR5: 65%
AR3, 4 or 5:  95%



PRIORITY AREA: Atmospheric Rivers Research and ApplicationsHow far in advance can we predict landfalling ARs?

4/5 Jan7 Jan9/10 Jan12/13 Jan

Odds of a landfalling 

AR based on IVT 

magnitude (Cordeira 

and Ralph 2019; 

Stewart et al. 2022)

14/15 

Jan



PRIORITY AREA: Atmospheric Rivers Research and ApplicationsHow far in advance can we predict landfalling ARs?

J. Cordeira, CWsE

During the impactful AR Family Dec 2022ïJan 2023 

showed as much as a 9-day lead time with most ARs 

near 6 days lead time. 

FIRO-required minimum lead time for forecasts of a 

possible AR landfall for Lake Mendocino



Atmospheric River Reconnaissance 2022 
Preliminary Assessment of Impact on Heavy Precipitation Forecast in GFS 

During the Sequence of 3 days of AR Recon flights from 11-13 Jan 2022

Research And Operations Partnership
F. Martin Ralph (UCSD/SIO/CW3E) - PI

Vijay Tallapragada (NWS/NCEP) - Co-PI

The region had been experiencing flooding already this winter, and 
WA had requested a Presidential Disaster Declaration for earlier AR 
storms that had hit in Nov-Dec 2021, before AR Recon season 
began on 11 Jan 2022.

AR Recon flight substantially reduced errors in the 
1-2-day lead-time forecast of heavy precipitation 
from an AR3 storm

Air Force C130

AR3
Storm

00Z 11 Jan ςDay 1
27 Dropsondes

IVT 
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GFS Forecast 
Without AR Recon

Max < half what was observed

Forecasted 24-h 
total 
precipitation 

Max > 6 inches in 1 day

Observed

00Z 11 Jan - 00Z 12 
Jan

Observed 24-h 
total 
precipitation 

Max > 5 inches in 1 day
Close to what was observed

GFS Forecast 
With AR Recon 

Forecasted 24-h 
total 
precipitation 

Initial time: 00Z 11 
Jan

Initial time: 00Z 11 
Jan



Why SHOULD AR Recon Improve Forecasts?



Zhenhai Zhang and F. Martin Ralph (Monthly Weather Review, 2021)

The Influence of Antecedent Atmospheric River 
Conditions on Extratropical Cyclogenesis

Purpose: The impacts of extratropical cyclones (ETCs) on atmospheric rivers (ARs) are widely 

recognized. However, does a pre-existing (antecedent) AR nearby have any influence on ETC genesis?

Methods: ETCs and ARs are detected objectively and independently over the North Pacific during the 

1979-2009 cool seasons (November-March) with reanalysis, including 3137 ETC genesis cases.

Composite AR probability and SLP. AR ETC-genesis: 
an AR exists in the blue box at or before ETC 

genesis. 

ETC SLP deepening in 24h after genesis
35% of ETC genesis are associated with an antecedent AR
60% of explosive ETC genesis are associated with an AR

Cyclogenesis with an Antecedent 
AR is associated with 

stronger cyclone deepening rates
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Zhang and Ralph 
(Mon. Wea. Rev. 2021) 
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Composites derived from 
3137 extratropical 

cyclogenesis events in the 
North Pacific

35% include an antecedent 
AR

65% have no antecedent AR



Temperature gradient [colors; K (1000 km)21 ] at 850 hPa 
and Eadygrowth rate (thin black contours) at 850ς500 hPa
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Composite AR probability and SLP. AR ETC-genesis: 
an AR exists in the blue box at or before ETC 

genesis. 

Latent heating in different ETC genesis
in 24h after genesis (top) and through genesis stage (bot.)

Composites derived from 
3137 extratropical 

cyclogenesis events in the 
North Pacific

35% include an antecedent 
AR

65% have no antecedent AR
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Composites derived from 
3137 extratropical 

cyclogenesis events in the 
North Pacific

35% include an antecedent 
AR

65% have no antecedent AR

Results:

Å ETCs that develop associated with an antecedent AR 

receive nearly 80% more water vapor inflow

Å Latent heat release is significantly enhanced (>60%)

Å Accelerates ETC deepening over the 24 h after initial 
cyclogenesis is detected (>50%)

Å In contrast, neither low-level baroclinicity nor upper-level 

potential vorticity exhibit statistically significant 

differences between ETC genesis events with and 
without an antecedent AR.



F. Martin Ralph

mralph@ucsd.edu

Headline:  ñBomb Cyclone caused an AR5 to hit CAò



Fig. 1: Extratropical cyclogenesis with an exceptionally strong antecedent AR over 
the North Pacific at 18Z 10/23/2021 based on the CFSv2 analysis. The colors and 
vectors are IVT (kg/m/s), and the contours are sea level pressure (hPa, every 2 hPa).

ñBomb Cycloneò

Did the Bomb Cyclone cause the AR5 to hit CA?

ORé Did the antecedent AR amplify (or even 

cause*) the cyclogenesis to reach ñBombò  

status? 

O
n

 a
v
e

ra
g

e
 a

n
 A

R
5
 

a
n

te
c

e
d

e
n

t 
to

 c
y
c

lo
g

e
n

e
s

is
 

a
d

d
s

 1
2

 m
b

/2
4

 t
o

 d
e

e
p

e
n

in
g

 

ra
te

Zhang and Ralph 
(Mon. Wea. Rev. 2021) 


