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Advancing the Modeling, Understanding, and Prediction of Weather and Climate

Evaluating predictability limits of North American winter precipitation

npj Climate and Atmospheric Science Joseph P. Clark™ & Nathaniel C. Johnson?
DOI: https://doi.org/10.1038/s41612-025-01132-7

Seasonal forecasts of winter precipitation play an important role in helping decision-makers manage too much and too little water—from floods
and snowpack extremes to drought and reservoir planning. Clark and Johnson evaluate how much of North American winter precipitation is
potentially predictable, and how closely current forecast systems approach that ceiling. The study uses the Seamless System for Prediction and
Earth System Research (SPEAR), GFDL's state-of-the-art seasonal to decadal model.

To quantify forecast performance, the authors analyzed a 33-year set of winter hindcasts (1991-2023) with lead times up to nine months. They
applied a statistical method, Average Predictability Time (APT) analysis, to isolate large-scale patterns in precipitation that carry long-range
predictive signals and estimate how long they persist. The findings show that across much of the U.S., especially the West and Southeast,
SPEAR's forecast skill is close to the estimated predictability ceiling, which indicates that the model produces useful precipitation forecasts for
these regions (or for the U.S) when the predictive signal for these large-scale patterns is strong enough. However, one mode of variability
exhibited a notable gap between its potential and realized forecast skill. This pattern is associated with sea surface temperature and convection
variability in the tropical Pacific and carries an estimated predictability timescale exceeding 200 days, but remains difficult to forecast accurately.
Errors during the winters of 2015-2016 and 2021-2022 were partially attributed to misrepresentation of this mode. Targeted model improvements
in tropical processes, particularly in simulating sea surface temperature anomalies in the western tropical Pacific warm pool, could both reduce
errors and enhance forecast skill and reliability. Continued development of models like SPEAR, along with efforts to improve simulation of
tropical ocean drivers, will advance NOAA's goals to make more accurate, reliable, and timely seasonal precipitation forecasts across the U.S.

OAR Goals: Make Forecasts Better

Winter Precipitation Predictability and Associated Tropical Error Patterns
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(Left) The second most predictable winter precipitation pattern over North America, identified using Average
Predictability Time (APT) analysis of forecasts from the Seamless System for Prediction and Earth System
Research (SPEAR). This pattern features large precipitation anomalies along the U.S. West Coast and
represents an area with potential for forecast improvement.

(Right) The Seamless System for Prediction and Earth System Research (SPEAR) forecast errors in sea
surface temperature (shading) and atmospheric circulation at 500 hectopascals (geopotential height;
contours at 8m intervals) associated with misrepresentation of the precipitation pattern on the left. The
presence of coherent error structures in the Indo-Pacific region suggests that improving simulation of
tropical sea surface temperatures may enhance winter precipitation forecasts for the western United States.

"Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, NJ, USA; 2NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA
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The fast response of land precipitation to historical anthropogenic
black carbon and sulfate aerosols in the GFDL ESM4 climate model

Journal of Climate Yanda Zhang'? Thomas R. Knutson? Elena Shevliakova? Larry W. Horowitz2, Paul Ginoux?, David
Paynter? and Daniel M. Westervelta’

DOL: https://doi.org/10.1175/JCLI-D-24-0240.1

Rainfall patterns across the globe are changing, and understanding what drives those changes is important for improving long-range forecasts.
While greenhouse gases are well-known contributors, aerosols (tiny particles emitted by fuel combustion, human activities, and natural sources)
also play a significant role in shaping where and how much it rains, though their influence remains uncertain.

In this study, Zhang et al. use GFDL's Earth System Model version 4 (ESM4) to examine how sulfate and black carbon aerosols have influenced
historical precipitation over land. By holding sea surface temperatures prescribed from observations, the analysis isolates the atmosphere’s “fast
response”, how it reacts directly to aerosol emissions separate from slower ocean-related processes.

The findings show that ESM4's bias in land precipitation simulations are tied to the overestimated aerosol effects in regions of East Asia, Africa
and western North America. Effective radiative forcing shows that sulfate aerosols generally suppress rainfall by reflecting solar radiation, while
black carbon aerosols can either reduce or enhance precipitation depending on surface aridity and atmospheric water vapor content. Elsewhere,
such as eastern North America and northwest Eurasia, differences between the model and observations appear to arise from other influences
beyond aerosols, including long-term ocean temperature patterns or greenhouse gases.

An energetic analysis helps to explain the aerosol effects on precipitation through two primary mechanisms: changes in atmospheric energy
balance and circulation adjustments. In arid and semi-arid regions, aerosol-induced radiative effects alter atmosphere diabatic cooling, leading
to local precipitation changes. In more humid regions, changes in convection and advection dominate the precipitation responses. By
distinguishing how different types of aerosols influence precipitation, this research improves understanding of observed rainfall trends and
supports continued refinement of prediction models. These insights may also help to improve seasonal rainfall forecasts and water supply
assessments in moisture-sensitive regions.

OAR Goals: Make Forecasts Better; Drive Innovative Science

GFDL ESM4 Model Bias Are Partially Driven by Aerosol Effects
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Time series of ESM4 precipitation bias (black lines; dP, ) and the effects of SO, (blue solid lines; dP,,,) and BC (red solid
lines; dP,,); temporal evolutions of SO, (blue dashed lines) and BC (red dashed lines) radiative effects (ERF).

"Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York, USA; 2NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA; ®Program in Atmospheric
and Oceanic Sciences, Princeton University, Princeton, NJ, USA

See GFDLSs full bibliography at: https://www.gfdl.noaa.gov/bibliography

The bibliography contains professional papers by GFDL scientists and collaborators from 1965 to present day.
You can search by text found in the document title or abstract, or browse by author, publication, or year.
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|dentifying source of predictability for vapor pressure deficit variability in the
southwestern United States

npj Climate and Atmospheric Science Jiale Lou’, Youngji Joh? Thomas L. Delworth? and Liwei Jia?

DOI: https://doi.org/10.1038/s41612-025-01028-6

Forecast skill of monthly vapor pressure deficit

Fire seasons in the western United States are becoming longer, drier, anomalies in the U.S. Southwest

and more intense. As rising temperatures and lower humidity are
increasing the atmosphere’s evaporative demand, seasonal forecasts Forecast skill of vapor pressure deficit anomalies
of atmospheric dryness are gaining importance for wildfire ! ; ! ; ‘ :
preparedness. Vapor pressure deficit (VPD), a measure based on § SPEAR seasonal forecast
temperature and humidity, serves as a useful indicator of fuel drying ‘ Optimal weighted model-analog

. CMIP6 cluster [VPD-only]
and fire-weather risk. SPEAR equally weighted

0.8
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Lou et al. evaluate monthly VPD forecasts over the U.S. Southwest
using two complementary approaches. The first uses NOAA GFDL's
Seamless System for Prediction and Earth System Research (SPEAR),
a physics-based, fully coupled Earth system model. The second
applies a data-driven analog method that generates forecasts by
identifying similar past conditions from archived model output and
forming a weighted combhination of those initial states. Despite
differences in complexity and computational cost, both approaches
demonstrate useful forecast skill at short lead times. In many cases, Forecast lead [months]

the data-driven method performs comparably to SPEAR, offering a , ,
viable and efficient alternative for operational contexts with limited Forecasf skill of month/y vapor pressure deficit (VPD)
reSOUICes. anomalies across different methods. The black line

shows results from the Seamless System for Prediction
Timely VPD outlooks can help local and regional decision-makers and Earth System Research (SPEAR) model, with
anticipate elevated fire risk and take early action—from staffing and shading indicating 5-95% confidence intervals. The
fuel management to emergency planning. Together, these tools offer weighted model-analog method (red) blends outcomes
flexible forecasting strategies tailored to diverse user needs. This from past forecasts. For comparison, unweighted
work supports the delivery of timely, actionable information to help analogs from SPEAR.preindustria/ contrlol runs (pink
protect against weather and environmental hazards, such as wildfires, open diamonds) and a multi-model ensemble ofCMIPé
in a changing planet. simulations (blue, open triangles) are also shown.
Both the physics-based and data-driven approaches
OAR Goals: Make Forecasts Better; Drive Innovative Science demonstrate skill, particularly at shorter lead times.

Anomaly correlation skill
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"Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, NJ, USA; 2NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA

Vaishali Naik Receives the AGU 2025 Turco Lectureship Award

In recognition of her work advancing understanding of atmospheric chemistry and climate, Vaishali Naik has been awarded
the 2025 Future Horizons in Climate Science: Turco Lectureship by the Atmospheric Sciences section of the American
Geophysical Union (AGU). Since joining GFDL in 2009, Naik's contributions focus on the interactions between atmospheric
composition and climate, including the role of short-lived climate forcers. She has held leadership roles in several major
national and international modeling efforts and currently co-leads the Climate Model Intercomparison Project Phase 7
(CMIP7) Climate Forcings Task Team, serves on the advisory board for the National Center for Atmospheric Research's
Community Earth System Model, and co-chairs GFDLs next-generation Atmospheric Model Development Team.

Upon receiving this honar, Naik expressed her gratitude, stating, “This award reinforces the importance of understanding
the relationships between atmospheric chemistry and the broader Earth system, critical for making informed, science-
based decisions. Working with talented, multi-disciplinary scientists, students, and colleagues has been both a privilege
and a source of inspiration in addressing these complex issues. This recognition honors the incredible collaboration behind
my work. | look forward to sharing recent insights in the upcoming lecture at AGU's annual meeting this December.”



https://www.gfdl.noaa.gov/vaishali-naik-s-homepage/
https://www.agu.org/honors/turco
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A regional physical-biogeochemical ocean model for marine resource
applications in the Northeast Pacific (MOM6-COBALT-NEP10k v1.0)

Geoscientific Model Development Elizabeth J. Drenkard’, Charles A. Stock’, Andrew C. Ross’, Yi-Cheng Teng’,
Theresa Cordero?, Wei Cheng®?, Alistair Adcroft’®, Enrique Curchitser?, Raphael Dussin®’, Robert Hallberg’, Claudine Hauri®,
Katherine Hedstrom?, Albert Hermann®?, Michael G. Jacox®'%, Kelly A. Kearney'!, Rémi Pagéss, Darren J. Pilcher®?,

Mercedes Pozo Buil? Vivek Seelanki®? and Niki Zadeh’
DOI: https://doi.org/10.5194/gmd-18-5245-2025

Understanding and forecasting changing ocean conditions along the
U.S. West Coast is critical for fisheries, marine ecosystems, and coastal
economies. In this study, Drenkard et al. presents a new 10-km resolution
Northeast Pacific Ocean modeling system (NEP10k) designed to provide
historical context for such marine resource assessments. The model, a
fundamental contribution to NOAAs Changing Ecosystem and Fisheries
Initiative, is based on the MOM6-COBALT framework and spans the region
from the eastern Bering Sea and Gulf of Alaska to the California Current
System and adjacent offshore waters; it is driven by observed variations in
atmospheric and oceanic forcing and integrates ocean physics, sea ice, and
lower-trophic biogeochemistry.

To evaluate the model, the authors conducted a 27-year hindcast simulation
(1993-2019) and compared the output with satellite observations, ocean
sensors, and reanalysis datasets. The findings show that NEP10k captures
key seasonal and regional patterns in temperature, salinity, nutrients,
oxygen, acidity, and chlorophyll across the Northeast Pacific. In the eastern
Bering Sea, the model reproduces the summertime cold pool of bottom
water and tracks observed declines in its extent. Along the U.S. West Coast,
it simulates the timing and strength of seasonal upwelling that brings
cold, nutrient-rich water to shelf ecosystems. NEP10k also reproduces
observation-based estimates of multidecadal changes in dissolved oxygen.
While the model performs well across much of the region, it has some
limitations. For example, the 10-km grid resolves open ocean and shelf-scale
processes reasonably well but exhibits reduced fidelity on narrow shelves
with complex bathymetry like the southern California Bight. The model
also underestimates some year-to-year fluctuations in satellite-derived
chlorophyll and exhibits regional biases in stratification and phytoplankton
variability. Finer-resolution configurations (~5 km) and further mechanistic
analyses are under development to better understand and address these
shortcomings.

Overall, the NEP10k modeling system provides a strong foundation for
understanding and anticipating changes in coastal ocean conditions. Its

Modeled Ocean Conditions and Ecosystem
Features in the Northeast Pacific

Representation of the Summer Cold Pool
in the Eastern Bering Sea (EBS)
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A one-day snapshot of sea surface temperature (SST)
illustrates the full geographic extent of the NEPT0k
domain while the inset map highlights an ecological
application of model output: Assessing the extent of
the Bering Sea Summer Cold Pool, which has important
implications for valuable Bering Sea fisheries and is
approximated annually by the Alaska Fisheries Science
Center (AFSC) bottom trawl survey.

broad coverage and ability to simulate ecosystem-relevant processes make it a valuable tool for seasonal forecasting and long-term planning,
supporting NOAA's goals for improved prediction and sustainable, ecosystem-based resource management.

OAR Goals: Drive Innovative Science, Make Forecasts Better
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