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1 Introduction

The Hydrometeorology Testbed (HMT) at the Weather Prediction Center
(WPC) received support to develop and conduct a new forecast experiment for
Atmospheric Rivers (ARs) beginning in 2024. While a one-off WPC forecast
experiment for ARs occurred in 2012, this renewed support for an AR experiment
comes as part of the Water in the West initiative, which includes multiple convection

allowing models (CAMs) designed to predict ARs at medium range lead times.

As defined by the American Meteorological Society glossary, an AR is defined
as “a long, narrow and transient corridor of strong horizontal water vapor transport
that is typically associated with a low-level jet stream ahead of the cold front of an
extratropical cyclone” (Ralph et al., 2019). Figure 1 shows a conceptual schematic of
a typical AR derived from reconnaissance measurements and atmospheric reanalyses.
ARs are sometimes but not always associated with a tropical moisture source, and
frequently produce heavy precipitation in regions of orographic or warm conveyor
belt-induced ascent (Ralph et al., 2019). On average, ARs generate 30-50% of
the annual precipitation in the western United States (U.S.) (Lamjiri et al., 2017).
Due to their major socioeconomic impacts, there is a vested interest to improve

forecasts and communication of AR associated impacts (Ralph et al., 2020).

This new forecast experiment, the Precipitation Experiment for Atmospheric
Rivers (PEAR), began with a two-week session in the fall of 2024. Building off of
the template of existing forecast experiments at HMT, PEAR brought together
forecasters, researchers, and model developers from across the country. The primary
objectives of this first experiment were to better understand the primary forecast
challenges for ARs at different lead times, learn more about the models and
parameters forecasters use operationally, subjectively evaluate experimental models
for two retrospective case studies from the 2022-2023 AR season in the West Coast,
and gather feedback on the usefulness of the experimental models and the forecast

activities to inform future PEAR activities and model development.
PEAR was in session for the following weeks:

Week 1: October 29 - 31 (virtual)



Week 2: November 12 - 14 (virtual)
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Figure 1: Schematic summary of the structure and strength of an AR based on dropsonde
measurements analyzed in this study, and on corresponding reanalyses that provide the
plan-view context. (a) Plan view including parent low-pressure system and associated
cold, warm, stationary, and warm-occluded surface fronts. IVT is shown by color fill
(magnitude; kg m !s 1) and direction in the core (white arrow). IWV (cm) is contoured.
A representative length scale is shown. The position of the cross section shown in (b) is
denoted by the dashed line A-A’. (b) Vertical cross-section perspective, including the
core of the water vapor transport in the AR (orange contours and color fill) and the
pre-cold-frontal LLJ, in the context of the jet-front system and tropopause. Water vapor
mixing ratio (green dotted lines; g kg') and cross-section-normal isotachs (blue contours;
m s 1) are shown. Magnitudes of variables represent an average midlatitude AR with
lateral boundaries defined using the IVT threshold of 250 kg m? s'. Depth corresponds
to the altitude below which 75% of IVT occurs. Caption and figure adapted from Ralph
et al. (2004).

2 Science and Operations

There were approximately 50 participants during the first PEAR. The partici-
pant makeup consisted of 23 Weather Forecast Office (WFO) participants, primarily
based in the western U.S. and Alaska. Additional participation came from partners
at the Environmental Modeling Center (EMC), the Physical Science Laboratory
(PSL), and the Center for Western Weather and Water Extremes (CW3E). The
full PEAR participant list can be found in Figure 1.



| week | WFO/RFC WPC Forecasters NOAA/ Labs DTB Helpers | others |

Week 1 Daniel Johnston -WFO AFC Allison Santorelli-WPC KeginWu-EMC Chris Smith-DTB Ben Pritchet - Avalanche
Sean Jones - WFO AJK Scott Kleebauer -WPC Vijay Tallapragada - EMC Noah Brauer-DTB Robert Hahn - Avalanche
Jeremy Buckles - WFO MRX Xingren Wu - EMC Jamekia Pritchard - NWC
Ed Townsend - WFO PDT Benjamin Moore - PSL.
Travis Wyatt— WFO PIH Kelly Mahoney - PSL
Brittany Whitlam - WFO REV Leif Swenson - PSL
Chris Smallcomb - WFO REV D. Alex Burrows - EPIC
Anna Schneider - RFC RSA Chad Hecht - CW3E
Brent Bower - WFO SEW Matthew Simpson - CW3E
Maddie Kristell - WFO SEW Nora Mascioli- CW3E
Tom Dang -WFO TWC
Bill Leatham - RFC NE
Neal Strauss — RFC NE
Week 2 Virginia Rux-WFO AFC Jennifer Tate -WPC Matthew Simpson - CW3E (repeat) Austin Coleman -DTB Jason Konigsberg - Avalanche
Aaron Jacobs - WFO AJK Josh Weiss -WPC Rachel Weihs - CW3E Jeff Davis —Avalanche
Nick Morgan - WFO AJK Sam Bartlett - CW3E Brian Hudec - Student (UMD)

Matthew Kidwell - WFO EKA
Zahaira Velez - WFO EKA
Lamont Bain - WFO MTR
Chris Burling - WFO PQR

Colby Neuman -WFO PQR

Brian Bong -~ WFO REV

Jeremy Michael - WFO RLX

Peyton Camden -~ WFO SGF

Brandt Maxwell - WFO SGX

Figure 2: List of the participants for both weeks of the fall 2024 PEAR experiment.

2.1 Daily Schedule

The schedule was largely consistent between weeks 1 and 2. Day 1 consisted of
two focus group activities, one assessing AR forecasting by lead time and the second
assessing models and model parameters used to forecast ARs. Day 2 consisted of
text- and drawing-based forecast activities for a single case study evaluated at day
5, day 3, and day 1 forecast lead times. Before the forecast activity segment for each
lead time, a pseudo-operational forecast briefing using the Global Forecast System
(GFS) and experimental model data available at that lead time was provided by a
WPC meteorologist. Additionally, satellite-derived layer precipitable water (PWAT)
plots were made available for forecast briefings courtesy of the Cooperative Institute
for Research in the Atmosphere (CIRA). Finally, day 3 began with verification
of the previous day’s forecast activities, and a discussion on the utility of CAMs
for ARs at multiple lead times for the case study and feedback for future PEAR

experiments.

In both weeks, Marty Ralph from CW3E provided welcoming remarks with a
motivation for the importance of AR forecasting challenges. On the second week,
Julie Demuth and Andrea Schumacher from the National Center for Atmospheric
Research (NCAR) provided a social science seminar on longitudinal surveys for
how the public receives and responds to information about AR forecasts. As many

of the participants were located in the western U.S. or Alaska, and the PEAR



Fall 2024 Schedule
Pacific time

( Day 1: Focus Group ) ( Day 2: Forecasting ) C Day 3: Discussion )

Atmospheric River Forecast Experiment

8:15am — 9:30am Pacific 8:30am - 8:45am 8:30am - 9:00am
Intro & icebreaker Remarks from Marty Ralph Seminar: Panel Surveys
9:45am - 11:00am 8:45am - 9:05am 9:00am — 11:00am
Focus group activity 1: Review of Day 5 forecast briefing Forecast verification and discussion

AR forecasting by lead time . L
9:05am - 11:00am 11:00am - 12:00pm

11:00am — 12:00pm Day b forecast activity
Lunch Lunch
11:00am - 12:00pm 5 ;
12:00pm - 1:30pm Lunch 12:00pm - 2:00pm

Focus group activity 2: Review of D issiorQElsiiD: model.

potential AR forecast activities 12:00pm - 12:20pm utility, feedback for forecast
Day 3 forecast briefing activity, model developers, R20
1:45pm — 3:00pm and O2R

12:20pm — 1:50pm
Day 3 forecast activity

2:00pm — 2:20pm
Day 1 forecast briefing

2:20pm - 4:00pm
Day 1 forecast activity

Figure 3: Daily PEAR schedule from week 2, in Pacific time.

Focus group continued

3:00pm — 4:00pm
Forecast tools overview

facilitators and WPC forecasters were located in the eastern U.S., a compromise

base time zone of Mountain time was chosen for the schedule.

2.2 Case Selection

Two retrospective case studies were selected for forecast activities for the first
PEAR experiment:

Week 1: 1200 UTC 9 January — 1200 UTC 10 January 2023
Week 2: 1200 UTC 9 March — 1200 UTC 10 March 2023

These cases were selected from the available model simulations from the
retrospective 2022-2023 AR season. Both cases predominantly affected California
and the Pacific Northwest with the heaviest precipitation. The 9-10 January 2023
case was a transient but strong AR in the middle of a sequence of multiple AR events,
associated with a strong zonal jet stream across the North Pacific Ocean. The
9-10 March 2023 case was a longer duration AR than the prior case, was preceded

by dry conditions in the western U.S., and driven by the complex interaction of



two cutoff troughs in the Northeast Pacific equatorward of an upper-tropospheric
block situated over Alaska. Both cases were associated with medium-range forecast
uncertainty in the AR location, orientation, and magnitude, with uncertainty

originating from the North Pacific.

2.3 Data Overview

Model guidance made available for PEAR participants included the (GFS)
and three CAMs. The GFS is a global model run at 13 km horizontal resolution,
with output provided at 0.25°grid spacing. Figure 4 has more details on the model

configurations.
Model Horizontal Model Forecast Lead
Grid Spacing Domain Time
NCEP/EMC 13 km Global 360 h PBL: Scale-aware TKE-EDMF
(Operational) MP: GFDL
Convection: Scale-Aware SAS
AR-AFS NCEP/EMC 3km Limited 120 h PBL: GFS EDMF
Area MP: Thompson
Convection: Scale-Aware Mass Flux (SAMF)
UFS-AR GSL 3 km Nested 60 h PBL: MYNN
MP: Thompson-Eidhammer Parameterization for
Operations (TEMPO2)
Cumulus: MYNN (shallow) C3 (deep)
West-WRF CWB3E 3 km inner nest Nested 120 h inner nest PBL: YSU
9 km outer nest 240 h outer nest MP: Thompson

Convection: Grell-Freitas Ensemble

Figure 4: Information on models used for PEAR.

The primary model evaluated during PEAR was the Atmospheric River Anal-
ysis and Forecast System (AR-AFS), provided by the Environmental Modeling
Center (EMC). AR-AFS is a limited-area model which inherits initial conditions
(ICs) and lateral boundary conditions (LBCs) from GFS, uses the FV3 dynamical

core, and is run out to 120 h forecast lead time at 3 km horizontal resolution.

The Atmospheric River Forecast System (UFS-AR) model was used for PEAR,
courtesy of the Global Systems Laboratory (GSL). Unlike AR-AFS, UFS-AR is a
nested model. UFS-AR is run out to 60 h forecast lead time at 3 km horizontal
resolution. UFS-AR data was limited to only 6 initializations, so each PEAR case
only has one UFS-AR cycle data available at day 1 forecast lead time.



Lastly, the West-WRF model from CW3E was provided to participants for
reference as well. West-WRF is a nested model with an inner domain at 3 km
horizontal resolution run out to 120 h forecast lead time, and an outer domain at 9

km horizontal resolution run out to 240 h forecast lead time.

For quantitative and subjective precipitation verification of participant fore-
casts, the Multi-Radar/Multi-Sensor Gauge Corrected (hereafter MRMS) Quanti-
tative Precipitation Estimate (QPE) product was used, provided by the National
Severe Storms Laboratory (NSSL).

2.4 Science Questions and Goals

The science objectives for PEAR relating to models evaluated were constrained

to the 2 case studies used for the experiment.
The science objectives for PEAR are as follows:

e Understand the forecasters’ primary forecast objectives, communication to

partners, and challenges with ARs as a function of forecast lead time
e Understand the models and model variables forecasters use to forecast ARs

e Evaluate the utility of the AR-AFS in forecasting precipitation extremes, AR
intensity, and location relative to the GFS from 1 through 5 day forecast lead

times

e Compare the AR-AFS to other similar convection-allowing models, West-

WRF and UFS-AR

e Understand the quantitative and subjective importance of IVT and defining

an AR for forecasters

The first two items above were addressed through focus group activities.
The subsequent objectives were addressed through forecast activities and group

discussions.

Relating to model output and case study evaluation, an error in the calculation

code for integrated vapor transport (IVT) rendered results from week 1 relating to



IVT magnitude and AR intensity unusable. This error was fixed prior to week 2

activities.

2.5 Focus Groups

Two focus group activities were conducted as part of the first day of PEAR,
the first assessing AR forecasting by lead time, and the second assessing models and
model parameters used to forecast ARs. Based on participant feedback, answers
and discussions from week 1, in addition to slight differences in the daily schedule
and time spent on each question between both weeks, the set of questions was
slightly different for week 2. Fig. 5 shows the set of questions asked for both focus

group activities for both weeks.

The questions for the first focus group were designed to understand how
participants approach forecasting AR by lead time, specifically focusing on impacts
and communication. For all poll questions, options of 1, 2, 3, 4, 5, 6, 8, and 10 day
lead times were presented on Google Meet. After a few minutes for participants to
answer the questions, the poll results were displayed anonymously to all participants,

followed by an open discussion and some follow-up questions.

The questions for the second focus group were designed to better understand
the parameters participants look at when forecasting AR impacts, and how they
use global models and CAMs in their forecast process. For the first subset of
poll questions, participants were provided with statements about using different
variables and models for forecasting, such as “I care about IVT when forecasting
ARs”, and presented with six options for each: strongly disagree, disagree, slightly
disagree, slightly agree, agree, and strongly agree. The final poll question posed a
hypothetical statement about using a deterministic CAM at day 6 lead time in the
forecast process, as the AR-AFS does not extend beyond day 5 lead time.

2.6 Forecasting Activities

As this was the first PEAR experiment, all of the forecast activities used
for PEAR were experimental in nature. One of the objectives of these activities

was to keep them relatively open-ended to interpretation by the participants to



m Focus Group Activity 1 m Focus Group Activity 2

Poll | get concerned about an AR eventatday ___lead time Poll | care about IVT when forecasting ARs
Poll | communicate about an AR eventatday ____lead time Poll (WEEK 2 ONLY) | care about PWAT when forecasting ARs
Survey To whom do you communicate an AR forecast? When do Poll | care about the AR orientation/axis at landfall
you communicate the forecast?

Poll I think about WFO-level impactful QPF at day ___lead time Poll | care about the heaviest precipitation period during the AR
event(s)

Poll 1 think about specific location QPF at day lead time Poll (WEEK 2 ONLY) | care about the snow level when making a
forecast

Poll I think about precipitation onset timing atday ____ lead time Survey What precipitation duration (heaviest, by 6,12,18,24h+) and

precipitation rate thresholds (inches per hour? Inches per
6h?) do you care about for impacts?

Survey How important is precipitation onset timing to Survey What do you primarily use global models for when
communicating impacts? Do you differentiate between forecasting ARs? (e.g., trough variability - spatial or temporal,
precipitation onset and AR landfall timing? other large scale features, IVT plumes, etc.)
Poll (WEEK 2 ONLY) | care about the AR landfall axis starting at day Poll (WEEK 1) Would you start to use CAMs for forecasting ARs at
___lead time day 6?

(WEEK 2) How likely are you to start to use CAMs for
forecasting ARs at day 6?

Poll | care about the AR inland extent starting at day ___lead time Survey What do you primarily use CAMs for when forecasting AR-
based events?
Poll | care about the WFO-level impactful snow at day lead Survey What do you expect a convection allowing high-resolution
time model to struggle handling vs. a global model at day 5 lead
time?
Poll | care about highway or location specific snow levels starting at

day____leadtime

Figure 5: List of questions asked for both focus group activities, and the question format.

understand how they identify ARs and what forecast metrics are important to
them, and to help motivate participant feedback on their utility to inform future
PEAR activities. These forecast activities were inspired by the Flash Flood and
Intense Rainfall (FFalR) forecast experiment activities, which are described in
more detail in Trojniak et al. (2024), and the PEAR-related activities are described

in more detail in the tutorial created for the participants®.

Fig. 6 shows the text-based activities used for PEAR. The first two activities
focused on probabilistic timing. Participants were provided 6-h time windows, six
windows in the first week from 0000 UTC day 1 through 1200 UTC day 2, and
four windows in the second week from 1200 UTC day 1 through 1200 UTC day
2. Participants were then tasked with assigning probabilities of the AR making
landfall and the peak 6-h precipitation in the western United States occurring

during each 6-h window, such that the sum of all probabilities adds up to 100%.

!Tutorial location: https://www.wpc.ncep.noaa.gov/hmt/hmt_webpages/drawingtools/
tutorial_pear.pdf


https://www.wpc.ncep.noaa.gov/hmt/hmt_webpages/drawingtools/tutorial_pear.pdf
https://www.wpc.ncep.noaa.gov/hmt/hmt_webpages/drawingtools/tutorial_pear.pdf
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Figure 6: Text-based forecast activities used for week 2 of PEAR.

The next set of text-based activities were deterministic. Participants were
tasked with forecasting the maximum 6-h and 24-h precipitation in the period of
interest, between 1200 UTC day 1 and 1200 UTC day 2. Questions then became
more open-ended, as participants were asked to predict the maximum IVT value at
landfall, an IVT value they consider to be significant in making their forecast, and
the AR event duration in hours. Participants were given an opportunity to explain

their rationale for selecting the thresholds they did in the forecast activity survey.

Fig. 7 shows the map layout used for drawing activities, and a sample forecast
from a participant. For this activity, participants were provided an interactive map
to draw polygons for the AR contour at landfall and heavy precipitation risk. The
latter contour was described to participants as drawing one or more contours for
locations where they expect a risk of heavy precipitation, which is not necessarily
the same as the excessive rainfall outlook (ERO). The objective of this activity
was to have participants highlight a general corridor of heavy precipitation without
too much of a focus on individual QPF contours, which given the complex terrain
in the region risks becoming primarily contouring topographic lines. Participants
were also tasked with drawing a single line corresponding to the orientation of the

AR landfall axis and the inland extent of precipitation.
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