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1 Experiment Overview

In support of the ongoing mission to improve National Weather Service (NWS) products and services

for winter weather, the Hydrometeorology Testbed (HMT) within the Weather Prediction Center

(WPC) conducted the 14th annual Winter Weather Experiment (WWE) during the 2023-2024 winter

season. The WWE provides a collaborative research to operations (R2O) experience, bringing

together members of the forecasting, research, and academic communities to evaluate and discuss

winter weather forecast challenges. Recent WWE successes include improvements to the National

Blend of Models, incorporation of snow squalls to the mPING crowd-sourcing observation app, and

increased discussion on the creation of winter specific verification metrics.

As the WWE completed its 14th year, HMT staff sought to continue evaluations on the

next generation of NWS deterministic and ensemble forecast systems. This year also included

evaluation of forecast thermodynamic profiles based around capabilities developed within a new

interactive sounding viewer webpage. Building on the success of previous years, the WWE utilized

a combination of virtual and hybrid experiment activities and analyzed retrospective case studies to

perform the experiment objectives.

2 Science and Operations Objectives

The objectives of the 14th Annual Winter Weather Experiment were:

• Evaluate and compare the utility of operational and experimental deterministic snowfall and

precipitation type forecasts from high-resolution convection-allowing models (CAMs)

• Explore modeled and observed thermodynamic profiles via an interactive sounding viewer tool

• Compare CAM snow to liquid ratio (SLR) forecasts to machine learning post-processed SLR

forecasts

• Evaluate the accuracy of a gridded freezing rain analysis compared to available observations

and CAM forecasts

• Explore experimental CAM ensemble probabilistic forecast products and machine learning

post-processing guidance for winter precipitation

• Use both event- and season-long verification to assess the performance of experimental datasets
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3 Season Summary

Similar to the previous winter season (2022-2023), the winter of 2023-2024 had well below normal

snowfall across much of the eastern Continental U.S. Figure 1 shows the seasonal total snowfall

estimated by the National Snowfall Analysis (provided by the National Operational Hydrologic

Remote Sensing Center, hereafter, NOHRSC) for the December 2023 through April 2024 period. A

few regions had above-normal snowfall, notably interior Oregon and Idaho and eastern Tennessee.

Figure 1: Summary of estimated winter 2023-2024 snowfall using NOHRSC 24h snowfall analysis data.

In terms of freezing rain, a few regions had one or more substantial freezing rain events

exceeding a quarter inch of flat ice. Figure 2 provides an estimate of the flat ice accumulations from

the Freezing Rain Accumulation National Analysis (FRANA) dataset. The FRANA estimate spans

the period from 17 January through 16 April 2024, plus a few selected cases from the winter prior

to 17 January.
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Figure 2: Summary of estimated winter 2023-2024 freezing rain (flat ice) using the Freezing Rain Accumu-
lation National Analysis (FRANA) dataset.

3.1 Overall Case Summary and Intensive Weeks

Overall, this year’s WWE season had periods of intermittent winter weather. A slow start to this

winter, with widespread above-average temperatures in the Eastern U.S., meant that many of the

cases selected occurred in January and February. In particular, mid-January brought an extended

series of winter cases across much of the continental U.S. with mixed precipitation and well-below-

normal temperatures for a brief time. From 1 December 2023 through 15 April 2024, a total of

25 cases were selected for analysis during WWE, with 9 cases (highlighted in bold in Table 1)

studied in-depth during three intensive WWE weeks. Operational and experimental forecast data

was collected for all the cases listed in Table 1 to compile seasonal verification statistics.

3.2 Other Notable Cases

Due to a major configuration change by the RRFS development team from a single- to mixed-physics

ensemble on 8 December 2023, early-season cases selected by HMT staff prior to this date were not

considered for seasonal analysis. These included some moderate lake-effect snow cases impacting
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Number Case Dates Location Case Type

1 18-19 Dec 2023 G. Lakes / C. Apps. Snow
2 7-8 Jan 2024 West Coast Snow
3 8-9 Jan G. Plains / G. Lakes Snow
4 9-10 Jan G. Plains / G. Lakes Snow
5 12-13 Jan G. Plains / G. Lakes Snow
6 13-14 Jan Pac. NW Snow, FZRA
7 14-15 Jan Northeast
8 15-16 Jan Mid-South / South-

east
Snow, FZRA

9 16-17 Jan Mid-Atlantic Snow
10 17-18 Jan Pac. NW / N. Rockies Snow
11 19-20 Jan Eastern U.S.
12 22-23 Jan Central U.S. FZRA
13 11-12 Feb S. Plains / H. Plains Snow
14 12-13 Feb S. Plains / MS Valley Snow
15 13-14 Feb Northeast Snow
16 16-17 Feb OH Valley / N. Mid-

Atl.
Snow

17 26-27 Feb Rockies Snow
18 1-3 Mar Sierras / G. Basin Snow
19 7-8 Mar C. Plains / H. Plains Snow
20 13-16 Mar C. Rockies Snow
21 22-24 Mar Northeast Snow, FZRA
22 24-25 Mar U. Midwest Snow
23 2-3 Apr U. Midwest Snow
24 3-5 Apr Northeast Snow
25 6-8 Apr Rockies Snow

Table 1: All cases span a 24 h valid time period from 12 UTC to 12 UTC, except for case 12 which ended
at 00 UTC 23 January. Rows in bold denote cases selected for in-depth study during intensive weeks. Cases
17 through 22 occurred too late in the season for evaluation in the intensive weeks, but were included in the
overall seasonal verification discussed in Section 5.3.

portions of the Great Lakes. Furthermore, several high-impact cases around the holidays, such as

the late December 2023 Dakotas ice storm, had RRFS model data outages preventing their use as

WWE case studies.

4 Experiment Data Summary

WWE participants evaluated a variety of experimental data, which are listed in Figure 3. As in

previous years’ WWEs, the development of the future Rapid Refresh Forecast System (RRFS) was at

the center of evaluation activities. The core of this system is a Limited Area Model (LAM) that has

the finite volume cubed-sphere (FV3) dynamic core. The deterministic flagship CAM, referred to as

the RRFSp1 or “m1” in Table 2 (also known as “RRFS A”), was still in active development during
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the winter season; thus, the deterministic and ensemble model configuration underwent numerous

changes during the season. More information about the experimental guidance that was evaluated

can be found in Figure 3. For more detailed descriptions of these products, please refer to Section

A of the Appendix.

Figure 3: Summary of ensemble, machine learning post-processing, and analysis datasets planned for eval-
uation in this year’s WWE.

5 Experiment Findings and Results

5.1 Experiment Format

This year’s WWE continued with the successful remote interactions of past WWEs and the hybrid

modality during two weeks of the 2023 Flash Flood and Intense Rainfall Experiment (FFaIR). The

team hosted three week-long WWE sessions during the weeks of February 12, February 26, and

March 11, 2024. The final experiment week in March was run in a hybrid format, with participants

in-person at NCWCP in College Park and online via Google Meet. As described above, experiment

activities were based on retrospective cases captured during the 2023-2024 winter season.

Intensive week attendees across the three weeks represented each of the four CONUS NWS

regions, as well as several NCEP centers and NOAA laboratories. Several university/academic part-

ners, including graduate students, also attended the intensive weeks. Figure 4 shows the geographic

diversity of the overall attendee list during the 14th WWE intensive weeks.
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Figure 4: Map of participant affiliations attending the 14th WWE intensive weeks. WFO polygons are color-
coded by total attendance counts according to the legend, while research lab and university attendance counts
are color-coded by their text box.

Session days were led by the WWE team roughly as follows: each day began with a brief

synoptic overview and forecast discussion to orient experiment participants to the forecast setting

and predictability challenges of a retrospective case study. The majority of the time was spent

analyzing forecast data and discussing the case in terms of footprint, amounts, and timing of winter

precipitation. During snow-focused cases, participants completed their own Maximum Snowfall and

Timing Product (MSTP) forecast consisting of a snowfall footprint, a highest amount contour based

on their confidence in the forecasts, and mark where they forecast the largest snowfall to occur

over the region of interest. During mixed precipitation cases, participants did a similar activity

forecasting freezing rain footprint, amount, and timing. As part of this activity, participants did a

complementary activity forecasting winter precipitation timing for several point locations of interest.

Along with plan view maps, participants used thermodynamic profiles from an interactive sounding

viewer tool to forecast onset and duration of winter precipitation or the timing of mixed precipitation

changeover in certain cases. Each case concluded with a verification activity and time reserved for

open-ended discussion of winter weather forecast challenges. Figure 5 shows the general structure

of one of the intensive weeks, with a mix of forecasting, evaluation, and discussion activities.
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Figure 5: Schedule of activities during one of the 14th WWE intensive weeks.

5.1.1 Maximum Snowfall and Timing Product (MSTP)

In order to facilitate the NWS objective of increasing impact-based decision support services (IDSS)

activities, we have employed a number of exercises for our experiment participants. The MSTP

forecast activity has two objectives: 1. Give participants a reason to scrutinize various aspects of

the model forecasts and challenges, and 2. actually use the model or ensemble data to make specific

decisions. This activity allows forecasters to build a little knowledge on the utility of experiment data

for specific forecast issues like amount, timing, and location rather than just providing subjective

comments about the overall “goodness” of the snowfall. Feedback from developers has indicated

that statistics based only on the “goodness” of the forecast, though helpful, does not provide enough

information about the deterministic or ensemble model forecast. Developers are interested in things

like: if the model had the right idea but had the footprint shifted or if snowfall or freezing rain

amounts are too high or low. Along with the product, participants were required to fill out a survey

stating which deterministic or ensemble model they based their forecast on, why they forecast what

they did, and any other notes they felt might be useful. The MSTPs were evaluated and verified

subjectively and objectively using the MODE verification toolkit (Bullock et al., 2016) and NOHRSC

data (in freezing rain cases, against a new freezing rain analysis, FRANA. Details of this new analysis

will be discussed below).

The MSTP activity had participants draw a minimum snowfall (typically 1”) /freezing rain

(typically .01”) threshold or what we called the footprint. This allows HMT to verify the forecast
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and evaluate forecasts objectively on the low end. Participants were also asked to draw a Max

Contour threshold of their choice, highlighting the highest threat, or higher confidence or largest

areal coverage contour they felt was needed. Each participant was further asked to identify and locate

the maximum value of 24h snow or freezing rain they felt would occur for each event. Probabilistic

activities included participants recording the probability that 6”/24h or 0.25”/24h would occur for

snow/freezing rain, respectively. They also recorded a probability distribution for the maximum

snowfall/freezing rain. These activities provide a basis for estimating the utility or relative value of

the various models and their specific prediction which should complement objective verification.

5.1.2 Forecast Sounding and Precipitation Timing Activity

New this year, participants also used a mix of plan view forecast maps as well as forecast sounding

profiles in an activity designed to assess model thermodynamic profiles and relate them to plan

view maps of forecast winter precipitation type. HMT used model forecast information from BUFR

profiles at over 300 sounding site locations across the continental U.S. to display individual member

forecast profiles from the HREF and REFS ensemble members, including the HRRR, NAMnest, and

RRFSp1. An interactive sounding viewer webpage was created by HMT staff, using a code base

from collaborations with David Harrison and Israel Jirak at SPC, with sounding displays tailored

to winter weather forecasting including specific indices for winter weather.

For the activity, participants were given a list of sounding sites near and within the MSTP

regional domain for a specific intensive week case, and instructed to choose 3 sites to forecast for (first-

come, first-served). The forecast objectives included the onset and duration of winter precipitation

at specific forecast locations near and within the MSTP regional forecast domain. These objectives

were defined to capture different types of winter weather events. For example, in the case of an all-

snow event, the onset time would be the onset of any precipitation. In the case of rain transitioning

to a winter mixed precipitation event, the onset time would be the onset of freezing rain or snow as

the rain-snow transition reached a specific site. During the evaluation activity, participants used a

METAR precipitation-type viewer created by HMT to assess their site onset and duration forecasts.

While designed to get participants to think about the winter weather uncertainty at specific sites,

another objective of this activity was to generate conversation about other goals of this year’s WWE,

and drive discussion about SLR, p-type, freezing rain, snow squalls, and other forecast information

that heavily relies on sounding profile analysis.

Following the success of previous years, the WWE also hosted a seminar series with invited

presentations throughout the winter season, as shown in Figure 6. These presentations were hosted

on Google Meet on Tuesdays and Thursdays at 1 pm EST (1800 UTC) and advertised to all

NWS personnel. Presentation files were saved from each seminar, and are available on our HMT

seminar webpage under “2023-2024 Winter Weather Experiment (WWE) Seminars”.
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Figure 6: 14th WWE seminar schedule, with presentations during both intensive and non-intensive weeks.

5.2 Representative Cases

In this section, several cases are discussed that were studied during the WWE intensive weeks. The

selected cases represent high-impact winter weather events that capture some of the key themes and

forecast insights of this past winter’s experiment.

5.2.1 Southern Plains Ice Storm: 23 January 2024

During this event, precipitation was overrunning a shallow subfreezing airmass in place across the

Southern Plains to Midwest region during late January 2024. Precipitation mainly fell as liquid

(freezing rain or rain) and light mixed precipitation in the north, with some event-total flat ice

freezing rain accumulations of greater than 0.25 inches observed. Figure 7 shows FRANA estimated

flat ice amounts and local storm reports in the region studied as a WWE intensive case, focusing on

the swath of heaviest freezing rain from Oklahoma to Missouri.

Surface observations of precipitation type from selected areas were examined for this case

in and around the 0.25 inch flat ice areas. In many locations, unknown precipitation typing was
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Figure 7: Flat ice freezing rain accumulation estimated by FRANA for the 24h period ending 00 UTC 23
January 2024 (fill, in). Circles denote local storm reports of freezing rain according to the same color scale.

alternating with freezing rain, while other stations had more continuous bouts of freezing rain (Fig.

8). These time series depictions were used by participants to gauge the continuity and duration

(not shown) of the events during evaluation sessions. At most of the stations depicted, the rain

intensity was consistently light and intermittent and spotty thus emphasizing just how hard it can

be to predict these events.

The FRANA estimates of flat ice and freezing rain LSRs differ in their depiction of the freezing

rain in this case, especially northeast of the Ozarks (Fig. 7). Note: while LSRs shown are all assumed

to be reported as flat ice, it is possible that some are actually reports of radial ice (radial ice amounts

are less than flat ice). While the footprint of 0.01 inches of freezing rain is generally well-captured by

FRANA compared to the LSRs, there are greater differences in the reports for ice amounts greater

than 0.25 inches. Where FRANA estimates show a broad region of greater than 0.25 inches from

Oklahoma northeast to Illinois, relatively few LSRs had similar accumulations except in isolated

areas. This suggests that FRANA overestimated the flat ice amounts, particularly from central

Missouri northeast into Illinois.
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Figure 8: METAR precipitation-type time series for stations 1. OKC, 2. TIK, 3. PWA, 4. RVS, 5. OKM,
6. TUL, 7. CFV, 8. JLN, 9. SGF, 10. LBO, 11. TFN, and 12. FAM along with a map of their respective
locations relative to the FRANA 24h analysis (polygons contoured, dots marking local maximum in each
respective object). RA is rain, SN is snow, ZR is freezing rain, PL is ice pellets, and UP is unknown
precipitation.

For the three freezing rain cases examined in detail during the WWE intensives (January

14, 16, and 23: cases 6, 8, and 12 in Table 1), we found some common differences in the FRANA

estimates compared to LSRs. While FRANA often captured the ice footprint reasonably well,

it tended to overestimate the higher freezing rain amounts in some areas. Figure 9 summarizes

participant feedback on the FRANA performance across all three cases, in terms of footprint of flat

ice freezing rain (0.01 inches) and maximum amounts.

Explicit predictions of freezing rain QPF amounts were a new capability of the RRFS and

its ensemble members for the past winter season, so WWE examined several freezing rain events in

detail including this late January case. WPC-HMT also ran post-processing on the HRRR, RRFSp1,

and two other RRFS ensemble members, to generate forecasts of FRAM-adjusted flat ice amounts

from each of the CAM guidance, in addition to the raw freezing rain QPF fields available from each

model. We were thus able to examine the differences between the freezing rain QPF and FRAM

forecasts for multiple cases.

In this case, FRAM post-processing resulted in generally similar swaths of freezing rain com-

pared to the original freezing rain QPF fields as seen in Figure 10. However, there were some

increases in the footprint of light freezing rain (0.01-0.1 inches) on the northwest side of the FRAM
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Figure 9: Aggregate participant subjective ratings of 24h FRANA flat ice estimates compared to freezing
rain local storm reports (LSRs) across three freezing rain cases studied. Participants scored FRANA both
in terms of footprint (0.01 inches) and maximum amounts.

forecast, particularly in the Kansas and northwest Missouri area. The largest influence of using

FRAM was in the max amount of freezing rain forecast across the Ozarks, which resulted in about

a 10-20 percent reduction in the largest freezing rain amounts relative to the raw freezing rain QPF

amounts. Overall, using FRAM resulted in more accurate 24h freezing rain forecast swaths from

both HRRR and RRFSp1, both compared to FRANA and the available LSRs across the region.

Participant comments provided some more insight into the challenges the models had with

predicting this freezing rain event. While the HRRR and RRFSp1 were best among the guidance in

terms of the overall footprint and amounts, they still had challenges resolving some of the marginal

freezing rain areas across TX and AR. Participant survey responses indicated they tended to rely on

HRRR, RRFSp1, and the REFS ensemble probabilities in the forecast drawing activity. However,

the performance of other members like RRFSm2 and RRFSm4 sometimes suffered from greater low

or high biases in the maximum freezing rain amounts across the Ozarks (not shown) which may

have limited their usefulness.
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Figure 10: Model forecasts of 24h freezing rain QPF (center) versus FRAM-adjusted flat ice freezing rain
(right). Forecasts initialized at 00 UTC 22 Jan 2024, valid for the 24h ending at 00 UTC 23 January 2024.

The differences in the footprint and maximum amount swaths of freezing rain seen in this

January case across the Ozarks are representative of the types of adjustments the FRAM post-

processing provides compared to the raw freezing rain QPF field. In general, these differences

yield positive improvements in CAM forecasts of freezing rain swaths. Since the new capabilities of

the RRFS system added freezing rain QPF to the product output stream (in addition to HRRR,

which already did so), WWE was able to perform quantitative forecast and evaluation activities

for freezing rain for the first time, since other HREF members besides HRRR do not have explicit

freezing rain amounts predicted. We recommend that FRAM be added as a post-processing option to

RRFS/REFS to provide more comparable output guidance to what NWS WFOs and WPC forecast

for freezing rain amounts.

By using the deterministic and ensemble guidance provided to them, participants were gen-

erally able to make accurate forecasts of freezing rain footprint and maximum amounts. Objective

verification of participant MSTP forecasts for freezing rain was performed by assessing individual

forecasts against FRANA for this case, despite the biases with FRANA noted above in this event.

Performance diagrams shown in Figure 11 summarize the participant results.

Even considering the predictability challenges posed by freezing rain at CAM guidance lead

times, participants were able to forecast accurate freezing rain footprints at Day 2 and Day 1, with

CSI values around 0.75 for both activities. Maximum amount forecast contours did not verify as

well, with lower CSI values especially at Day 2. However, a number of participants achieved CSI

values greater than 0.2 at the Day 1 lead time for a freezing rain max amount contour of 0.25 inches

(warning-level ice amounts). In general, participants decided to draw for higher maximum amount
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Figure 11: Participant forecasts of 24h flat ice freezing rain 0.01 inch footprint and max amount for Day 2
(left) and Day 1 (right) lead times, verified against FRANA. Blue circles denote 0.01 inch footprint forecasts
while squares denote max amount forecasts, annotated by the value individual participants decided to
forecast at each lead time. All forecasts valid for the 24h ending at 00 UTC 23 January 2024.

values at Day 1 compared to Day 2, perhaps indicative of higher confidence in the model forecasts

at the shorter lead time.

The Day 1 participant example forecasts highlighted the very large area of freezing rain quite

well (Figure 12). The higher amounts of 0.25 and 0.5 each had unique challenges with areal coverage

in the main southwest to northeast oriented band and the sidelobe across AR. The model forecasts

showed areal coverage lower for the higher amounts, and shifted southward across southern IL. The

terrain effects in AR were captured well by participants, but the 0.5” max contour forecasts all

missed the heavy area in and northeast of St Louis into IL.

5.2.2 Ohio Valley and Mid-Atlantic Mesoscale Snow Banding: 16-17 February 2024

In an ongoing active weather pattern during mid-February, a low pressure system moved from the

Tennessee Valley eastward to Virginia on 16-17 February 2024. On the north side of this system,

several rounds of narrow mesoscale snowbands developed, impacting areas from St. Louis, Missouri,

eastward to north-central New Jersey with heavy snow. While overall snowfall and QPE totals were

relatively light across the region, several areas of localized snowfall amounts exceeded 6-10 inches in

24 hours. The most notable part of this event was the extremely high SLRs that were observed in

portions of Pennsylvania and New Jersey, exceeding 20:1.
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