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ABSTRACT

This report documents work sponsored by the U.S. Nuclear Regulatory Commission (NRC) and
conducted by the National Center for Atmospheric Research (NCAR) as part of the RES project,
“Convection-Permitting Modeling for Intense Precipitation Processes.” This project was
undertaken as part of the Probabilistic Flood Hazard Assessment (PFHA) Research Program.
The objective of the PFHA Research Program is to develop tools and guidance on the use of
PFHA methods to risk-inform NRC'’s licensing of new facilities as well as the licensing and
oversight of currently operating facilities as they relate to flooding hazards.

Many flooding scenarios of interest to nuclear power plant (NPP) licensing and oversight involve
extreme precipitation events occurring at the plant site or within the watershed of the plant.
Generating probabilistic assessments of extreme precipitation within a catchment is challenging
due to typically short observational records, insufficient data coverage, and climatic variation.
Furthermore, traditionally used estimators of extreme precipitation, such as Probable Maximum
Precipitation (PMP), do not allow for the quantification of uncertainties in hazard estimates in
either a physical or a risk sense. The application of numerical atmospheric models to the
problem offers a way forward. State-of-the-art convection-permitting models (CPMs) can
explicitly simulate deep convection and can accurately represent orography on fine scales, and
thus they present powerful tools for investigating extreme precipitation events. Using
convection-permitting models is, therefore, a valuable alternative approach in the provision of
more physically-based and probabilistic flood risk assessments.

This report includes a thorough literature review and analysis that summarize the state of the
science in simulating extreme precipitation events with convection-permitting models while
outlining key challenges, opportunities, and promising research areas. Based on the literature
review, we assess the ability of CPMs to capture extreme precipitation in recent flood events in
the contiguous U.S. (CONUS) east of the Rocky Mountains by leveraging three existing
convection-permitting ensemble datasets. These cover 10,570 36-hour simulations/forecasts at
3-km horizontal grid spacing (Ax=3 km) and 810 36-hour simulations at Ax=1 km spacing.
Additionally, we analyze the impact of observational uncertainties on the results by using a
selection of high-quality multi-sensor and gauge-based rainfall datasets.

The central finding is that numerical weather prediction models configured with convection-
permitting resolutions can capture heavy precipitation events in the Eastern U.S. Many aspects
of the simulations are verified by multi-sensor observational datasets, and the precipitation
output from the convection-permitting (CP) model configurations shows less error than
precipitation estimates based on station data. This demonstrates the potential value of
incorporating CP model outputs in flood risk assessments. However, CP model configurations
are not perfect and sometimes show systematic biases, as revealed in case examples of the
underestimation of event peak accumulations by up to 30%. While one way to reduce these
biases is by statistical post-processing, over the long-term model development to improve
fidelity is the preferred way to address the issue.

The report closes with two recommendations for future work on the usage of CPM output for
probabilistic flood risk assessments. First, targeted downscaling of heavy precipitation events in
global climate models with CPMs would allow the building of a catalog of heavy precipitation
events that are physically plausible, but unprecedented in the observational record. Second,
events from this catalog and existing CPM heavy precipitation simulations could be used in



combination with statistical approaches, such as stochastic storm transposition, to generate a
large set of plausible heavy rainfall events to generate input for hydrologic models (e.g., WRF-
Hydro).



FOREWORD

This research is part of the NRC’s PFHA Research Program and has been conducted to assist
NRC in assessing potential pathways for improving flood risk estimates at current and future
nuclear power plant (NPP) sites.

This report contains a review and novel research on the applicability of convection-permitting
models (CPMs) in probabilistic flood hazard assessments. CPMs are configurations of weather
and climate models at high resolution that allow for the explicit simulation of deep convective
storms (i.e., thunderstorms) and for the more detailed representation of land surface features
(e.g., orography and coastlines) compared to coarser-resolution setups. Over the past decade,
the increasing usage of CPMs in weather forecasting and climate modeling has led to
substantial improvements in the predictability and projections of heavy precipitation extremes.

The main objective of this project was to develop a framework to allow the incorporation of CPM
simulations into probabilistic flood hazard assessments. The focus of the analysis is on the
contiguous United States (CONUS) east of the Continental Divide. Heavy precipitation in this
region tends to result from three forcings: tropical cyclones, mesoscale convective systems, and
orographic enhancement. The presented results show that CPMs can capture observed heavy
precipitation events with high accuracy, while some observed biases can be mitigated by
statistical postprocessing methods (e.g., bias correction) and by model improvement. A
framework for incorporating CPM output into flood hazard assessments is also presented and
future research priorities are discussed.
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EXECUTIVE SUMMARY

Flooding is among the costliest and most widespread natural disaster worldwide, and economic
losses from it are rising. This increase is driven by a combination of larger economic exposure,
reflecting population and infrastructure growth, and increasing precipitation intensities, caused
by climate variability and change. Designing and maintaining hospitals, dams, and power plants
to withstand rare flood events is of high importance for society.

Currently, flood risk estimates are typically based on fitting extreme value distributions to
historical precipitation records. This approach is challenging because of limitations in our
observational records. First, even the longest available observational records (e.g., 100 years)
are too short to estimate reliably the magnitude of rare flood events that a power plant must
withstand. Second, our long-term rain gauge networks are not able to capture localized peak
precipitation rates, which tends to result in an underestimation of extreme flood magnitudes.
Alternatively, probable maximum precipitation (PMP) estimates are also used to assess the
worst-case flood event in a region. The PMP is defined as the largest precipitation accumulation
meteorologically possible for a given duration and location. A downside of PMP estimates is that
they are developed from a small catalog of historical storms using deterministic heuristic
techniques, and therefore they do not support probabilistic flood risk assessments.

Historically, using numerical weather models for flood risk assessment has had limitations due
to the coarse resolution of the simulated rainfall fields and deficiencies in realistically simulating
heavy precipitation events. Increased computer power in combination with model
developments, now enables us to run regional numerical weather prediction (NWP) models and
regional climate models (RCMs) at kilometer scales, improving the fidelity of simulations of
heavy precipitating storms. For long simulations over large regions, though, the computational
cost of convection-permitting climate modeling remains an obstacle, which can make certain
uses of models for simulating rare events challenging.

Here we take advantage of three existing convection-permitting (CP) numerical weather model
forecast datasets containing 10,570 simulations at 3-km horizontal grid spacing and 810
simulations at 1-km spacing (1.7 mi and 0.6 mi respectively) over regions covering the
contiguous United States (CONUS) east of the continental divide. These datasets contain
several recent high-impact precipitation events such as the West Virginia flooding of 2016,
Hurricane Harvey (2017), and Hurricane Matthew (2016). For analysis purposes we split the
CONUS into four sub-regions— southern U.S., central U.S., Appalachian Mountains, and U.S.
East Coast— to account for differences in flood-producing mechanisms. In addition to the
kilometer-scale forecasts, we also apply several gridded precipitation datasets, which enables
us to assess the impact of observational uncertainties on forecast evaluation.

We find that numerical weather prediction models configured with convection-permitting
resolutions can capture heavy precipitation events in the Eastern U.S. Many characteristics of
the simulations are verified with multi-sensor observational datasets that include radar data, and
the precipitation output from CP models for these types of events frequently shows less error
than precipitation estimates based on station data alone. This demonstrates the potential value
in incorporating CP model outputs in flood risk assessments, given that current flood standards
are based on station records.
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CP models can also provide information on changes in flood risks based on global warming
projections. However, CP models are not perfect, and they can have systematic biases, such as
underestimations of event peak accumulations (e.g., up to 30 %, as shown here). To deal with
such biases, we recommend the application of statistical postprocessing, as an initial corrective,
and model improvement, in the long term, before heavily relying on model-simulated
precipitation for intense event analysis and flood risk assessment.

The report closes with two recommendations for future work focusing on the usage of CPMs
output for probabilistic flood risk assessment. First, targeted downscaling of heavy precipitation
events in global climate models with CPMs would allow the building of a catalog of heavy
precipitation events that are physically plausible, but unprecedented in the observational record.
Second, events from this catalog and existing CPM heavy precipitation simulations should be
used in combination with statistical approaches, such as stochastic storm transposition, to
generate a large set of plausible heavy rainfall events to generate input for hydrologic models
(e.g., WRF-Hydro).
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1 INTRODUCTION AND STATE OF KNOWLEDGE

Intense precipitation lies at the root of some of the costliest natural disasters, and, after
heatwaves, precipitation-driven events are responsible for the most natural-disaster fatalities in
the U.S. (https://www.weather.gov/hazstat/). The frequency of natural catastrophes related to
intense precipitation has more than doubled since the 1980s (Munich Re 2017). This doubling is
related to an increase of population and infrastructure in flood-prone areas and an increase in
the intensity and frequency of heavy precipitation events (Groisman et al. 2005, IPCC 2013,
Westra et al. 2013). The increase in such events has also been related to climate change (Min
et al. 2011, O’Gorman 2015), and the trend is expected to continue over most regions of the
world (e.g., Trenberth et al. 2003, Prein et al. 2017a). Climate model simulations suggest that
the rarer a precipitation event, the more it intensifies due to climate change (Prein et al. 2017b,
Pendergrass 2018). Lopez-Cantu et al. (2019), for example, show that precipitation intensities of
the average 100-year return level event in the contiguous United States increase 10 to 50 %
more than those of the 1-year event.

Most areas have limited rain gauge density, which, due to the strong spatiotemporal variability in
rainfall fields (e.g., Prein and Gobiet 2017c), makes accurately observing intense precipitation
events challenging (e.qg., Kidd et al. 2017). Furthermore, most rain gauge records cover less
than 70 years (e.g., Sun et al. 2018) and are, therefore, too short to capture major precipitation
events with long return periods. Weather radar (e.g. NEXRAD) provide high-resolution
observations with excellent coverage over most of the contiguous U.S. but have only been
available since the early 1990s. These short observational records introduce large uncertainties
into the statistical estimation of high accumulations (i.e., for the 100-year return event or larger;
Coles et al. 2001). Traditionally, probable maximum precipitation (PMP; WMO 2009) estimation
is used to quantify the worst-case scenario for heavy precipitation at a given location, and it
assumes that the contributing factors achieve their optimum values. PMP key factors are
maximized column water vapor, or precipitable water (PW; e.g., Schreiner and Riedel, 1978),
low-level convergence, and upward motion. However, traditional PMP estimates are not truly
physically based, given their lack of accounting for: (i) limited observational records, (ii)
inaccuracies in observational records, and (iii) the spectrum and amplitude of atmospheric
processes that produce large accumulations. As found in examinations of estimation methods
presented below, PMP approaches also suffer from assumptions that have been contradicted
by the results of model-based studies. A further shortcoming of both PMP and gauge-based
intense precipitation assessments is that they rely on incomplete historical records and an
assumption of climate stationarity, with the latter now appearing to be incorrect, in a changing
climate, in estimating flood risks (e.g., Wright et al. 2019).

Numerical atmospheric models are proving to be a capable alternative to traditional methods for
guantitative intense precipitation analysis and estimation. Until the past decade, models were
applied at resolutions too coarse (e.g., horizontal grid spacings >12 km; 7.5 miles) to reliably
simulate most intense precipitation events, but increasing computer power and improved
numerical representations have made convection-permitting (CP) simulations much more
feasible. Convection-permitting model configurations are those using horizontal grid spacings
(Ax) of less than about 4 km (2.5 miles; see, e.g., Weisman et al. 1997), allowing reasonable
direct simulation of convective mass transfer processes. The move to CP grid spacings has had
a big impact on the simulation of convectively-forced (e.g., Weisman et al. 1997, Clark et al.
2016, Prein et al. 2019) and orographically-forced (e.g, Colle and Mass 2000, Prein et al. 2013)
precipitation. Advancements in model physical process schemes have also contributed to the
improvement of intense-storm simulation. Motivated by these developments, many weather
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forecasting centers are now using CP configurations operationally (e.g., Smith et al. 2008,
Voudouri et al. 2018). Furthermore, global forecasting systems that are nonhydrostatic and can
operate efficiently down to the CP scales (e.g., MPAS, Skamarock et al. 2012, Neumann et al.
2019) are expected to be run operationally within a couple of years. Even the climate modeling
community is increasingly exploring CP modeling (Prein et al. 2015), and substantial
improvements in simulating heavy precipitation events in climate settings have been
demonstrated (e.g., Prein et al. 2013, Ban et al. 2014, Chan et al. 2014, Kendon et al. 2014,
Prein et al. 2017).

This introduction addresses the state-of-the-science for numerical simulation of heavy
precipitation as reflected in the published literature and through novel research. Recent
achievements in the weather and climate modeling communities in exploring the problem are
highlighted. The introduction covers the spectrum of methodologies that have been used to
investigate this space, including real-data v. idealized modeling, case-study v. long-term
simulation, real-time forecasting v. retrospective simulation, deterministic v. ensemble modeling,
and weather prediction v. climate projection settings. Our approach includes reviewing the work
and findings of papers to present more fully to NRC the issues in this topic. Furthermore, we
also summarize challenges that limit our ability to simulate and evaluate heavy rainfall, such as
those of model physics needs and of observational uncertainties.

Section 1  starts with a discussion of the main atmospheric processes behind intense
precipitation (Section 1.1). It then summarizes the types of storms yielding heavy rainfall and
their simulation in models (Section 1.2 ), followed by a review of the challenges and
opportunities in heavy precipitation modeling (Section 1.3 ). We end with conclusions and
recommendations (Section 1.4).

11 Atmospheric Processes Causing Intense Precipitation and their
Representation in Numerical Models

Rain accumulation can be simply summarized per the following analysis (attributed to C. F.
Chappell, noted hydrologist): the heaviest rainfall occurs where the rainfall rate is highest for the
longest time (Doswell et al. 1996). This perhaps obvious definition is universally applicable and
encompasses flash floods, which reflect very high rain rates over short periods, as well as river
flooding, which typically results from persistent precipitation over days or even months.* The
definitions or thresholds for “intense” rainfall in the context of flooding depend on the catchment
characteristics, local climatology, and the hydrometeorological conditions.

As summarized by Doswell et al. (1996) three main ingredients contribute to rainfall rates: (i) air
ascent rates, (ii) atmospheric moisture content, and (iii) precipitation efficiency.

(i) A high ascent rate (i.e., high vertical velocity) is essential for intense rainfall since it
supports high droplet condensation rates. Thus, deep convection can be a key driver of
heavy rainfall since it generally presents the strongest and deepest vertical motions in
the atmosphere. High ascent rates resulting in heavy precipitation may also be forced by
topography.

(i) Air moisture content (e.g., as represented by water vapor mixing ratio) is critical in the
vertical moisture flux, defined as air moisture content x ascent rate. With rainfall rates
being proportional to this flux, intense rainfall events are typically found with very moist
(e.g., tropical) air masses.

* We do not consider here river flooding that results from snowmelt and its runoff.
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(iii) The precipitation efficiency (e.g., Fankhauser 1988) is defined as the ratio of in-cloud
vertical moisture flux to the precipitation mass flux. This ratio depends on many factors,
including cloud microphysical characteristics (e.g., droplet size distribution and droplet
phase— water or ice), cloud dynamics (e.g., entrainment and detrainment rates), and
storm environment conditions (e.g., relative humidity, thermodynamic stability, wind
shear). Typically, precipitation efficiency is about 30% (Fankhauser 1988), but it can
reach up to 50% in upright convective cells (Ferrier et al. 2006).

The rainfall rate is the product of these three terms— ascent rate, moisture content, and
precipitation efficiency, and the greatest rainfall rates occur when all of them approach optimum
levels. Therefore, simulating intense rainfall in numerical models requires realistic
representations of these conditions, conditions that span a wide range of spatiotemporal scales
from the microphysical to the synoptic. The remainder of this section focuses on the essential
processes that affect these ingredients for intense precipitating storms, and how well models
simulate them and their effects.

Thunderstorm T
| —
structure overshooting top

tropopause

cumulonimbus cloud

Sa.119WO|

warm ,)

: updraft

precipitation

O - N W B O O N 0O ©

Figure 1-1 Schematic of Idealized Thunderstorm Warm, moist, and unstable air feeds a
convective cell (red arrows). This air ascends, and its vapor condenses,
releasing latent and resulting in strong upward motion (updrafts). The
condensation leads to raindrops and other hydromefteors (e.g., graupel, hail,
and snow) that precipitate, yielding accumulations at the surface (image
from Encyclopedia Britannica 2012).
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1.1.1 Deep Convection

Deep convection is thermally driven turbulent motion that moves relatively warm and moist air
from the lower to the upper troposphere. As rising air saturates and condenses, latent heating
drives buoyant vertical accelerations (updrafts; see Figure 1-1). The condensation process
yields cloud droplets (hydrometeors), then larger particles— either frozen as snow or hail or
liquid as rain— that can precipitate through the updrafts or downdrafts (downward moving air).
Typically, hydrometeor formation rates are higher and precipitation is stronger for greater
updraft strengths. Convection may assume the form of organized assemblies of cells (e.g.,
mesoscale? convective systems [MCSs]), deep cells embedded in tropical cyclones, or isolated
thunderstorms.

The representation of deep convection in weather and climate models was historically a sub-
grid-scale process and thus was parameterized. Generally, convective schemes (also called
cumulus schemes or cumulus parameterizations) assume that the bulk effect of a collection of
clouds within a grid cell on the larger-scale environment can be approximated by process
representations using a set of parameters involved in the interactions (see, e.g., Arakawa and
Schubert, 1974). This is conceptually problematic since there is no distinct spatial or process
boundary between the particular grid-scale larger-scale environment and the target cloud
motions that justifies such a scale separation (e.g., Skamarock et al. 2014). Rather, clouds are
the product of dynamic and thermodynamic processes spanning space and time scales.

Over the years, scores of convective parameterization schemes have been developed (e.g.,
Manabe et al. 1965, Arakawa and Schubert 1974, Tiedtke 1989, Emanuel 1991, Kain and
Fritsch 1993, Grell and Freitas 2014). While they have supported and advanced atmospheric
modeling, they have also been a major source of uncertainty in weather and climate
simulations, which are very sensitive to such schemes (e.g., Déqué et al. 2007, Mooney et al.
2017). Figure 1-2, for example, illustrates biases that can emerge from convective
parameterizations, such as overly frequent and too-weak precipitation, with a premature diurnal
onset. Other atmospheric process schemes, such as for microphysics, the planetary boundary
layer (PBL), and radiation, play a secondary role in simulation uncertainties (Figure 1-2). The
parameterization uncertainty collapses, however, when CP resolutions are used, as the CP grid
spacing obviates the need for the convective scheme, and they are typically not engaged. In
these model configurations, the moist processes produced by the microphysics scheme and
model dynamics begin to represent deep convection explicitly (Figure 1-2(d)-(f)).

2 Mesoscale refers to horizontal scales of a few to several hundred km.
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Figure 1-2 Climatological Average June, July, and August Diurnal Cycles of
Precipitation Amount, Frequency, and Intensity of Hourly Precipitation in the
Western U.S. Purple dots in panels a) and d) show the locations of the rain
gauges used. Shown are observed (black lines) and modeled (colored lines)
hourly precipitation. Panels a—c) show modeled precipitation from a
perturbed-physics Weather Research and Forecasting (WRF) model
ensemble using a 36-km (22 mi) grid for the period 1991-2000. Solid, colored
curves show results produced by WRF simulations using three different
deep convection schemes, while the shading (spread) about the solid,
colored lines represents the uncertainty from other model physics such as
PBL, radiation, and microphysics (Bruyére et al. 2017, Mooney et al. 2017).
CP (4-km [2.5-mi] horizontal grid spacing) WRF simulation results are shown
in d)-f), covering the period 2002-2013 (Liu et al. 2017). Pannels a—c
modified from Mooney et al. 2017. Pannels d—f curtesy of Andreas Prein.
Results for the Eastern U.S. are similar (e.g., Prein et al. 2017).

Furthermore, in CP configurations one sees a substantial improvement in the simulation of

precipitation amount, frequency, and intensity, which is a robust result appearing across the
models used and regions covered (e.g., Done et al. 2004, Schwartz et al. 2009, Clark et al.

2010, Prein et al. 2015).

There is a fundamental change in our capability to simulate heavy-precipitation storms when
transitioning from grid sizes of 10 km (6.2 mi) or larger to kilometer-scale and smaller spacings
(Figure 1-3). This is related to the representation of vertical motions (updrafts, downdrafts) and
their attendant moist processes. The added value of further decreasing Ax to sub-kilometer
scales is an area of ongoing research and will be discussed below.
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Figure 1-3  Hourly Precipitation Accumulation Simulated by an Idealized Version of the
WRF Model with Horizontal Grid Spacings (Ax) Ranging From 12 km (7.5 mi)
to 250 m (820 ft; Prein et al. 2019)

1.1.2 Orographic Lifting

Orographic lifting can be another driver of heavy precipitation, with two primary pathways found.
First, the lifting can trigger convection, while, under certain conditions, the orography also can
enhance low-level moisture inflow to the cells. A good example is that of the Colorado Big
Thompson River flood event (July 31, 1976; Caracena et al. 1979). A more recent case of heavy
rains from orographically-enhanced convection is that of the West Virginia flood of 2016
(Pokharel et al. 2018). Second, orographic lifting for long durations, even in non-convective,
relatively stable environments, can produce very high accumulations which result in flooding.
While rainfall rates are typically moderate in such situations, the extended timescales are
determinative. Atmospheric rivers (ARs) that impinge on mountainous terrain, notably on the
west coast of the U.S., can produce such events. ARs are often the dominant process for
intense rainfall in mid- to high-latitude mountainous coastal regions on the west side of
continents such as the U.S. West Coast (Lamijiri et al. 2017) and the Atlantic coast of Norway
(Benedict et al. 2019).

Simulating orographically-influenced intense rainfall events demands realistic, high-resolution
model terrain (see, e.g., Figure 1-4) to capture the height and steepness of the topography
involved and to better reproduce the atmospheric flow interactions. The simulation of intense
orographic precipitation is also sensitive to the microphysics parameterization used, while other
schemes such as those for the planetary boundary layer scheme and land surface are less
important (Liu et al. 2011). The optimal grid spacing and physics parameterizations depend on
the specific mountain range and atmospheric process for the events under study.
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Figure 1-4 Model Representations of the Rocky Mountains in Colorado Showing
Differences in Terrain Resolution with Different Horizontal Grid Spacings
(Ax). (a) Ax=26.4 km (16.4 mi) and (b) Ax=2.4 km (1.5 mi)

1.1.3 Microphysics

Microphysics gain in importance in CP simulations since in these all precipitation production
relies on the microphysics scheme, without any contribution from convective parameterizations.
Further, more complex microphysical processes (e.g., the formation of graupel and hail) have to
be considered with finer grids as cloud-scale dynamics (e.g., updrafts, downdrafts) are explicitly
represented and increasingly into play. In such settings, microphysics schemes ultimately
control precipitation efficiency (e.g., Weisman and Klemp 1982, Sui et al. 2005). There are
sensitivities in this, however, as the simulated processes hinge on conditions that have been
difficult to precisely describe, such as the fraction of solid particles in the condensate or the
droplet size spectrum, and there can be large uncertainties in the parameters involved. A
schematic of processes that are incorporated in a typical state-of-the-art two-moment
microphysics scheme is shown in Figure 1-5. The two moments that are accounted for each
hydrometeor class (e.g., rain, cloud ice) are the mass and number mixing ratio. Two-moment
schemes allow the model to account for microphysical processes such as size sorting of
particles (e.g., larger raindrops accumulate in the lower part of clouds), which are important for
the simulation of heavy precipitation.

Modeling studies have shown that simulated heavy precipitation can be particularly sensitive to
hydrometeor fall speed assumptions (Singh and O'Gorman 2014). Observations show that the
terminal velocity of raindrops increases with their diameter (Foote and Du Toit 1969), increasing
the potential for high accumulations when larger drops are formed. As large drops form most
efficiently in warm regions of the cloud (i.e., in temperatures above freezing) by collision and
coalescence— the warm rain process, clouds that have warm layers deeper than 3—4 km (1.8—
2.5 mi) are potential generators of heavy rain (Doswell 2001).
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Figure 1-5 A Typical State-Of-The-Art Two-Moment Bulk Microphysics Scheme Boxes
represent different hydrometeor categories (liquid and ice) and water vapor.
Q and N are the mass and number mixing ratios of a category. Arrows
represent microphysical processes that convert Q and/or N between
categories, as well as sedimentation (fallout from gravity). Red, yellow, and
blue lines represent liquid, mixed-phase, and ice-phase processes (from
Morrison et al. 2020).

Aerosols advected into clouds are another factor affecting precipitation rates. The effects of
aerosols on precipitation are complex, and in models depend on the storm type, environmental
conditions (e.g., Tao et al. 2007), storm life cycle (e.g., Lynn et al. 2005, Van den Heever et al.
2006), and the microphysics scheme used (Lebo et al. 2012).

An overview of widely used microphysics schemes and their main characteristics is shown in
Table 1-1 for acronyms). The schemes that represented particles such as slow falling graupel
had difficulties simulating the observed, well-defined convective region and the high peak
precipitation rates. A general shortcoming of all microphysics schemes appears to be an
underprediction of the area of the stratiform precipitation region of an MCS. Morrison and
Milbrandt (2015) also performed simulations of wintertime orographic precipitation cases and
showed that the impacts of riming® and varying particle fall speeds on precipitation distribution
are most critical and were best captured by the P3 and SBU-LIN packages. These results are
consistent with findings from previous studies (e.g., Colle and Mass 2000; Lina and Colle 2011).

3 Riming is the deposition and accretion of ice on hydrometeors as they fall through supercooled water droplets which
freeze on contact with the particles.
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Table 1-1

Widely Used Microphysics Schemes in CP Modeling

Scheme ‘ Main Characteristics

Milbrandt—Yau two
moment (MY2);
Milbrandt et al.
2005a,b

Morrison two-
moment
microphysics
scheme (MOR-H
and MOR-G);
Morrison et al.
(2005,2009),
Morrison and
Milbrandt (2010)
NOAA/National
Severe Storms
Laboratory (NSSL);
Ziegler (1985),
Mansell et al.
(2010), Mansell
(2015)

Stony Brook
University—Lin
(SBU-LIN); Lin and
Colle (2011)

Thompson (THO);
Thompson et al.
(2008)

WRF single moment
(WSM6); Hong et al.
(2004), Hong and
Lim (2006)

WRF double
moment (WDMB6);
Lim and Hong
(2010)

Predicted particle
properties (P3);
Morrison and
Milbrandt (2015),
Morrison (2015)

Prognostic hydrometeor categories: Cloud (liquid droplets), rain
(precipitating drops), ice (pristine crystals), snow (large crystals/aggregates),
graupel (rimed ice), and hail (high-density rimed ice and/or frozen drops)
Particle size distribution: Each category is described by a complete gamma
function

Moments: Two-moment (with prognostic mixing ratios and total number mixing
ratios)

Prognostic hydrometeor categories: Rain, cloud ice, snow, and graupel/halil
and mass mixing ratio of cloud droplets

Particle size distribution: Inverse-exponential size distributions except for
cloud droplets. Cloud droplet follows a gamma function with a spectral
dispersion parameterization (Martin et al. 1994)

Moments: Two-moment

Difference between MOR-G and MOR-H: MOR-G uses a rimed-ice category
that is consistent with graupel, while in MOR-H it is consistent with hail. The two
settings differ in the bulk density and fall speed—size relationship for rimed ice.
Prognostic hydrometeor categories: Number and mass mixing ratios of cloud
droplets, rain, small ice, snow, graupel, and hail, as well as the particle volume
of graupel

Particle size distribution: Inverse-exponential size distributions for rain and
graupel, and a gamma distribution for halil

Moments: Two-moment

Prognostic hydrometeor categories: Mass mixing ratios of cloud droplets,
rain, cloud ice, and precipitating ice

Particle size distribution: Inverse-exponential distributions are used for rain
and precipitating ice particles

Moments: One-moment

Prognostic hydrometeor categories: Cloud droplets, snow, graupel-halil
hybrid, cloud ice, and rain

Particle size distribution: Snow density varies inversely with diameter, and its
size distribution is a sum of two gamma functions, following observations by
Field et al. (2005); in contrast, most microphysics schemes assume constant
snow density. All other hydrometeors follow a generalized gamma distribution.
Moments: One-moment for cloud droplets, snow, and graupel—hail hybrid.
Two-moment for cloud ice and rain.

Prognostic hydrometeor categories: Cloud droplets, rain, cloud ice, snow,
and graupel

Particle size distribution: inverse-exponential size distributions for rain, snow,
and graupel. Moments: One-moment

Prognostic hydrometeor categories: Cloud droplets, rain, cloud ice, snow,
and graupel

Particle size distribution: Cloud droplet and rain size distributions follow
generalized four-parameter gamma functions

Moments: One-moment for mixing ratios of cloud ice, snow, and graupel.
Two-moment for cloud droplets, rain.

Prognostic hydrometeor categories: Cloud droplets, rain, and ice. P3 avoids
the arbitrary categorization of frozen particles into snow, ice, graupel, and hail
by allowing for evolving frozen particles that can be any type of ice-phase
hydrometeor.

Particle size distribution: Three-parameter gamma distribution

Moments: Two-moment
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Figure 1-6 Cross Section of Observed Radar Reflectivity Through an Observed MCS
From 19 June 2007 in The Central Great Plains Of The U.S. (Morrison and
Milbrandt 2015)
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Figure 1-7 Horizontal Cross Sections at a Height of 1.1 km (0.7 mi) of Radar Reflectivity
(dbz) Six Hours After Initializing an Idealized MCS Simulation Using the WRF
Model Panels show results from nine different microphysics schemes.
Radar reflectivity is proportional to the particle density in the cloud and is
related to the surface precipitation intensity. The model horizontal grid
spacing was 1 km (0.6 mi), and 100 vertical levels were used (Morrison and
Milbrandt 2015).
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1.1.4 Turbulence

Turbulent processes are another important factor that can affect the initiation, mesoscale
dynamics, and rainfall efficiency of intense precipitating storms. The scale of turbulent motions
spans orders of magnitude, from deep convective scales (i.e., kilometers) to energy diffusion
scales (i.e., millimeters; Wyngaard 2004). Since the most energetic turbulent motions are on the
scale of hundreds of meters, only parts of the turbulent energy spectra can be resolved in
models applied at kilometer-scale grid spacings. This is problematic since there is no theory for
representing unresolved turbulence in kilometer-scale numerical models (e.g., Wyngaard 2004,
Moeng 2014). Idealized studies of convective storms show that grid spacings of less than 250 m
are needed to resolve entrainment processes and updrafts (Lebo and Morrison 2015). Thus, CP
model configurations yield motions that entrain too little, resulting in overestimations of
maximum updraft velocities (see, e.g., Weisman et al. 1996, Fan et al. 2017, Prein et al. 2019).

Convective cell entrainment of unsaturated air facilitates evaporation and therefore affects
rainfall efficiency and storm dynamics, particularly for the entrainment of dry (i.e., low relative
humidity) air. A horizontal cross-section through a middle level of a simulated mature organized
convective storm is shown in Figure 1-8. In this resolution-probing work (Lebo and Morrison
2015) the horizontal grid spacing (denoted as Ay in Figure 1-8) of 2 km (1.2 mi) simulates broad
and weak updrafts, while the 250 m (880 ft) grid returns much more spatial variability, with
smaller and stronger updrafts (Figure 1-8a,b). Thus, increasing model resolution yields more
realism. However, even at this relatively fine spacing, updraft structures have not converged to
the appearance of an actual cell, meaning that entrainment and associated processes (e.g.,
precipitation efficiency, draft dynamics) are still under-resolved. The consequence of
inadequately simulating turbulent motions in CP models is an ongoing research problem. As
Figure 1-8c shows, turbulent motions continue to change with increasing resolution, down to
spacings of 33 m (Ah=33.33 m in figure). Ongoing research is focusing on how to parameterize
unresolved turbulence in CP models (e.g., Mufioz-Esparza et al. 2014).
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Figure 1-8 Horizontal Cross-Section at 5 km (3 mi) Through an Idealized Convective
Storm System Simulated With Different Grid Spacings: (a) Ax=2 km (1.2 mi);
(b) Ax=250 m (880 ft); (c) Ax=33.33 m (108 ft) Vertical wind speed shown in
filled contours. Total cloud mixing ratio is shown as black contour lines with
2 g kg-1 intervals (Lebo and Morrison 2015).
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The effect of unresolved turbulence in atmospheric models is accounted for in planetary
boundary layer (PBL) schemes. These schemes parameterize the turbulent mixing of the lowest
part of the atmosphere, the boundary layer, with the atmosphere above (Figure 1-9). Turbulent
eddies in the PBL facilitate exchanges of moisture, heat, and momentum due to local and non-
local mixing (e.g., Cohen et al. 2015). The latter process moves air parcels across large vertical
distances before smaller eddies (local mixing) effectively diffuse the parcels. The accurate
representation of these processes is key for the triggering and evolution of convective storms.

stable layer/free atmosphere ; vertical diffusion

C”“'ilin ment
PBL top ‘

nonlocal mixing

surface layer sensible heat flux latent heat flux
- friction

]

Figure 1-9 Dominant Processes in the Atmospheric Boundary Layer (From Ahasan et
al. 2014)

Turbulence closures in weather prediction and climate models can be classified according to the
order of the closure and whether the mixing approach is local or nonlocal (e.g., Stensrud 2009,
Cohen et al. 2015). This is summarized below.

Order of PBL schemes: In PBL schemes, the equations of motion are decomposed into mean
and perturbed components. The former represents the background, resolved atmospheric state,
while the latter represents turbulent perturbations from the background state. The equations for
turbulence contain more unknown terms than known terms, and the solution to this problem is to
use a closure assumption. A first-order closure assumes that the second-order terms are
functions of first-order (mean) terms, while a second-order closure uses first- and second-order
terms to calculate third-order terms.

Local vs. non-local PBL schemes: Local PBL schemes only allow vertical levels that are
directly adjacent to the grid cell of interest to affect that cell. Non-local schemes allow remote
effects—that is, from all levels cells in the PBL— to affect the level in the grid cell of interest.
Local schemes are known to have disadvantages in situations where local stability maxima exist
in the PBL that are not representative of the overall stratification of the PBL (Stensrud 2009).
Non-local schemes can account for large eddies that transport heat from the surface layer to the
top of the PBL regardless of local stability maxima, and therefore they can represent deep PBL
circulations more accurately than local schemes (Stull 1991). While local schemes can be
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improved by using higher orders of closure, this increases their computational cost (e.g., Mellor
and Yamada 1982).

Table 1-2 summarizes some widely used PBL schemes, with all of them are available in the
WRF model, noting their advantages and disadvantages. Which scheme performs best is
typically case-dependent; it also depends on interactions with other physical process schemes
(e.g., interactions with microphysics; see, e.g., Mooney et al. 2017).

Table 1-2 Widely-Used Turbulence Schemes in CP Modeling (adapted from Cohen et al.
2015)

Scheme ‘ Main Characteristics

MRF; A non-local scheme that uses a first-order closure. Can simulate deeper

Hong and Pan mixing within an unstable PBL accurately (e.g., Stull 1993). Tends to

(1996) produce PBLs that are overly deep, especially in strong-wind regimes at
night (Mass et al. 2002). This overmixing can suppress convective
initiation (Bright and Mullen 2002).

Yonsei A non-local scheme that uses a first-order closure. Improves simulation of
University deeper vertical mixing in buoyancy-driven PBLs and shallower mixing in
Planetary strong-wind regimes compared to the MRF scheme (Hong et al. 2006).

Boundary Layer However, it still simulates PBLs that are too deep for springtime deep
Scheme (YSU); convective environments, resulting in an underestimation of near-surface

Hong et al. buoyancy (Coniglio et al. 2013).

(2006)

MYJ; Janjic Local 1.5-order closure scheme. Improves PBL simulations compared to
(1990, 1994) preceding schemes (Mellor and Yamada 1982), without increases in

computational costs. Tends to undermix PBLs for locations upstream of
convection (e.g., Coniglio et al. 2013).

MYNN; This local scheme offers both a 1.5-order (MYNN2) and a second-order
Nakanishi and (MYNNB3) closure.

Niino (2004, MYNNZ2 improves the PBL depiction compared to non-local schemes (e.qg.,
2006) YSU) during springtime in environments that support deep convection

(Coniglio et al. 2013). MYNN3 more accurately simulates deep PBLs, but
with higher computational cost compared to MYNN2. Similar to the MYJ
scheme, the local formulations of the MYNN2 and MYNN3 do not fully
account for deep vertical mixing.

1.1.5 Synoptic Conditions

An NWP model’s capturing of the synoptic environment is fundamental to the reproduction of
intense precipitation scenarios and events. At least for non-orographically forced rainfall, the
benefits of CP detail cannot be realized if the model cannot faithfully represent the large-scale
environment and correctly place synoptic and mesoscale features, like cold fronts and short-
wave troughs. Intense precipitation relies on significant atmospheric moisture, typically
transported into the target regions by low-level advection. In both mid-latitude and high-latitude,
events it is often seen that subtropical air masses feed the systems (e.g., Pfahl et al. 2014,
Krichak et al. 2015, Gochis et al. 2015). To produce precipitation from the advected low-level
moisture, a triggering/lifting mechanism must be present, and forcings include: orography,
atmospheric boundaries (e.g., drylines, fronts), cold pool dynamics, and airmass instability.
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An important synoptic element affecting the movement of precipitating systems is steering flow.
For deep convective storms, mid-tropospheric winds (e.g., at ~7 km [4.3 mi] height) are most
relevant (Carbone et al. 2002). However, the movement of convective storms is not only
dependent on the large-scale flow, but also on the internal system’s dynamics of propagation
(see, e.g., Doswell et al. 1996, Houze 2004). Propagation reflects the contributions of cell
generation and dissipation to the total system movement, and stationary storms, which can
deposit large accumulations, develop in environments where large-scale steering flow and
storm propagation dynamics are in balance. For tropical cyclones, storm motion is heavily
influenced by the large-scale steering flow. Strong systems tend to be steered by winds through
a deep layer of the troposphere, while movements of weak systems are most influenced by
winds in the lower half of the troposphere (e.g., Chan 1985).

Bradley and Smith (1994) describe the climatology and synoptic environments of intense rain
events over the U.S. southern Plains. Their review of the meteorological literature found that the
dominant elements were: low-level winds and moisture, mid-level moisture, thunderstorm
updraft strength, and vertical wind shear. They looked at heavy rain events with a recurrence
interval of over 10 years in the study region centered on Oklahoma. Peaking in frequency from
late spring to early fall, the target events relied on combinations of dynamic forcing, high
moisture availability (e.g., relatively high precipitable water), and convective instability (e.g.,
CAPE). They found that rainstorms in this region either displayed strong dynamic forcing with
vigorous ascent from a strong upper-level trough (Figure 1-10a) or weak dynamic forcing along
stationary frontal boundaries or in regimes of high pressure (Figure 1-10b). The success of
numerical models in capturing convectively driven events there is thus dependent on their ability
to reproduce those elements. As discussed below, capturing the synoptic and mesoscale
dynamical environments is something that NWP models can readily do, and high resolution is
not generally required. However, the conditions of moisture availability and convective instability
reflect finer-scale variability are more challenging for models to accurately depict, with their
simulation sensitive to resolution and initial conditions.

Cooler
500 mly
TN
i\ 850 mb

Figure 1-10 Schematics of the Synoptic Environments of Intense Rainstorms over the
Southern Great Plains from Bradley And Smith (1994) (a) Strong forcing
with relatively deep upper-level (500 mb) trough and strong frontal
boundary. (b) Weak forcing with quasi-stationary front and lack of strong
upper-level low.

1.2 Model Simulation of Intense Precipitation: Forcing, Events, and Estimation

Several studies have examined the characteristics and distribution of intense precipitation
forcing. Kunkel et al. (2012) analyzed the causes of daily precipitation events with a 1-in-5-yr

1-14



recurrence in the U.S. during the period 1908-2009 (see Figure 1-11). They found that frontal
boundary forcing in extratropical cyclones was responsible for more than 50% of heavy rainfall
events. This was followed by: 24% extratropical cyclone, near center of low; 13% tropical
cyclone; and 5% MCS. Schumacher and Johnson (2006) found a more significant contribution
from MCSs, which caused 75% of warm-season intense precipitation events in the eastern U.S.
This highlights two things: (i) how difficult it is to differentiate the dominant processes that cause
intense precipitation, and (ii) that most intense events are influenced by processes at multiple
scales.

With respect to the forcing of intense precipitation across the CONUS, tropical cyclones are
most relevant in the Southeast/Gulf Coast regions, extratropical cyclone low centers are most
important along the Pacific coast, and extratropical cyclones and MCSs dominate elsewhere. A
recent review of intense precipitation events and their large-scale meteorology by Barlow et al.
(2019) concludes that events are often related to mesoscale processes that are triggered,
enhanced, or organized by larger-scale processes. Simulating intense precipitation, therefore,
requires models that can capture all scales of the relevant processes. In the following section,
we discuss the sensitivities of the simulation of these various storm types to model configuration
and application: grid size, physics, and setting (e.g., research case studies, weather forecasting,
climate simulation).
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Figure 1-11 Causes of Intense Precipitation Events in Sub-Regions of the U.S. Shown
are annual contributions from: extratropical cyclones near a front (FRT),
extratropical cyclones near the center of a low (ETC), tropical cyclones (TC),
mesoscale convective systems (MCS), air mass (isolated) convection (AMC),
the North American monsoon (NAM), and upslope flow (USF) (from Kunkel
etal. 2012).
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1.2.1 Tropical Cyclones

For capturing the impact of tropical cyclone (TC) precipitation, accurate track forecasts are
critical. While TC tracks are controlled mostly by synoptic conditions, there are questions about
what model resolution is needed to successfully predict trajectories. For instance, while Xue et
al. (2013) showed that a 4-km (2.5 mi) grid improved track forecasts compared to that of a much
coarser global model, Davis et al. (2010) indicated that 12-, 4-, and 1.33-km (7.5-, 2.5-, 0.8 mi)
grid spacings for forecasts of TCs had statistically indistinguishable track errors.

Given identical tracks of a landfalling TC, however, there is little question that CP configurations
will produce better precipitation forecasts than coarser parameterized convection setups, as the
former can explicitly represent the heavily precipitating structures (typically the eyewall and
convective bands). Gentry and Lackmann (2010), for example, showed that the structure of
hurricanes changes at a Ax of about 4 km (2.5 mi; Figure 1-12). At or below this scale,
characteristics of the eyewall, such as its shape and embedded updrafts, are more realistically
simulated. Furthermore, their storm minimum central pressure dropped by 30 hPa when Ax
decreased from 8 km to 1 km (5 mi to 0.6 mi). Jin et al. (2014) and Davis and Bosart (2001)
support these results, with the latter also showing that using a Ax=3 km (1.8 mi) resulted in
more realistic hurricane intensification. While these studies looked at Atlantic storms, supporting
results are also seen for other ocean basins (e.g., the Indian Ocean, Taraphdar et al. 2014) and
from CP climate modeling (Gutmann et al. 2018).

Tropical cyclone size is another characteristic influencing storm surge and freshwater flooding,
with larger cyclones typically having higher surge levels and rain accumulations. CP models
better simulate cyclone size since they have a more realistic representation of the precipitating
structures (e.g., spiral bands, storm core) and can more accurately capture the storm wind field.
One factor in TC size is the environmental relative humidity (RH; Hill and Lackmann 2009), and
precipitation outside the storm’s core region can be very sensitive to the larger-scale RH.

While TC intensity and track are less sensitive to variations in model microphysics than to those
in grid spacing, the cloud structure, rainfall rates, and rain areal coverage are dependent on
physics scheme particulars and thus scheme choice. Wang (2002), for example, concluded that
schemes’ abilities to represent mixed ice-phase clouds were critical for the realistic simulation of
cloud structure and precipitation amounts, in agreement with an early study of McCumber et al.
(1991).

Climate change will likely increase events of intense precipitation associated with tropical
cyclones (Gutmann et al. 2018, Patricola and Wehner 2018). For example, there is increasing
evidence that climate change will result in a higher frequency of stronger (e.g., Gutmann et al.
2018) and slower moving (Kossin et al. 2018, Gutmann et al. 2018) systems, both of which can
translate to increased rainfall accumulations. One study concluded that Atlantic tropical
cyclones are moving (i.e., system translational speed) over oceanic areas 6% slower today than
in the mid-20th century (Kosin 2018), with a slowdown of 20% for their movement over land.
Kosin (2018) furthermore concluded that a 10% slowdown of TC speed could result in a
doubling of local rain accumulation under 1°C (1.8 °F) warming. Thus, projections are that
intense precipitation episodes from TCs will amplify in the future.
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Figure 1-12 Model-Simulated Radar Reflectivity for a Simulation of Hurricane Ivan (2004)
With (a) 8-, (b) 4-, (c) 2-, and (d) 1-km (5-, 2.5-,1.2-, and 0.6 mi) Horizontal Grid
Spacing (Gentry And Lackmann 2010)

1.2.2 Mesoscale Convective Systems

There is little doubt that CP model configurations produce better precipitation forecasts than
convection-parameterizing model configurations (e.g., Done et al. 2004; Bukovsky et al. 2006;
Kain et al. 2006; Schwartz et al. 2009; Clark et al. 2016). Thus, current modeling inquiries are
addressing the question of how much Ax needs to be reduced below the marginal CP scales of
3—-4 km (2—2.5 mi). This has been examined in both idealized and real-data studies,
summarized below.

1.2.2.1 Idealized Simulations
Idealized MCS simulations have been used since the 1990s to study sensitivities to model Ax

and physics. In a seminal study, Weisman et al. (1997) simulated an idealized squall line with
Ax ranging from 12 km to 1 km (7.5 mi to 0.6 mi) and concluded that Ax=4 km (2.5 mi) is
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sufficient to capture most of the mesoscale structure and storm evolution compared to a 1-km
(0.6-mi) simulation considered as truth. Concerning the actual precipitation from simulated
storms, they found that model rainfall efficiency does increase at finer Ax, due to decreased
evaporation. Using a similar experimental design, Bryan et al. (2003) produced simulations with
Ax between 1 km (0.6 mi) and 125 m (410 ft) for a squall line, concluding that while 1-km (0.6
mi) forecasts could be useful for operational purposes, a Ax closer to 100 m (330 ft) was
needed to resolve turbulent flows. Bryan and Morrison (2012) also used a similar model setup
as Weisman et al. (1997) but included Ax=250 m (820 ft) simulations and microphysics
sensitivity tests. They concluded that surface rainfall is more sensitive to varying the Ax than to
varying the microphysics and further found that km-scale simulations developed more slowly
and produced more precipitation than finer sub-km (e.g., 250-m; 820 ft) runs. They attributed
these differences to an underestimation of dry air entrainment in convective cells at kilometer-
scales. Comparing their simulations with high-resolution observations they concluded that (i)
using a more complex microphysics scheme (i.e., 2-moment scheme), which represents hail as
a separate hydrometeor, and (ii) applying a Ax of 250 m (820 ft) yielded the best performance.

Building on these collective results, Lebo and Morrison (2015) investigated even higher-
resolution simulations and performed idealized squall line simulations with Ax down to 33.33 m
and with 125-m and 250-m vertical grid spacing (410 ft and 820 ft respectively). They showed
that spacings of Ax= 250 m or less are necessary to capture mid-level entrainment into
convective cores and that increasing the vertical grid spacing did not significantly affect the
results. This suggests that for simulations of intense precipitation events driven by convection
there is greater sensitivity to, and need for, higher horizontal resolution than vertical. Recently,
Prein et al. (2019) have shown that a major regime shift in simulating MCSs occurs when
transitioning from Ax=12 km (7.5 mi) to Ax=4 km (2.5 mi) simulations of MCSs, in agreement
with Weisman et al. (1997). Their further decreasing Ax to 1 km (0.6 mi) resulted in smaller
structural changes, while the results largely did not change between Ax=1 km (0.6 mi) and
Ax=250 m (880 ft). Prein et al. (2019) also have shown that Ax does not have a significant effect
on climate change analyses and have concluded that CP models can provide reliable climate
change signals.

In summary, these idealized studies suggest that realism in the simulation of the convective
systems behind intense precipitation events is improved as horizontal grid spacing is reduced in
the CP regime. Nonetheless, many of these studies also suggest that 1-3-km (0.6—1.8-mi)
forecasts are adequate for forecasting purposes, which has been corroborated by real-data
studies, discussed next.

1.2.2.2 Real-Data Simulations

Retrospective forecasts of heavy precipitation events are used to understand how CP forecasts
are sensitive to the representation of atmospheric processes and to model configuration. MCS
archetypes prone to producing intense precipitation have been documented in observations
(Schumacher and Johnson 2005; Peters and Schumacher 2014) as well as simulated in case
studies using CP configurations (e.g., Peters and Schumacher 2016; Nielsen and Schumacher
2018). To date, systematic real-data studies have yielded different conclusions about the
advantages of decreasing grid spacing beyond 3-4 km (1.8—-2.5 mi) for the successful prediction
of intense-rainfall-producing MCSs and other types of convective systems across the U.S. east
of the Rockies.

For example, while Kain et al. (2008) and Schwartz et al. (2009) found springtime 2- and 4-km
(1.2- and 2.5-mi) model forecasts produced remarkably similar precipitation, Schwartz et al.
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(2017) found that decreasing spacing to 1 km (0.6 mi) improved upon 3-km grid forecasts

(1.8 mi). Interestingly, Schwartz et al. (2017) also noted 1-km (0.6 mi) forecasts produced fewer
intense rainfall events (i.e., rainfall rates = 20 mm/h; 0.8 in/h) than 3-km (1.8 mi) forecasts;
although, the 1-km (0.6 mi) forecasts agreed better with observations. The latter result was
presumably due to the finer grid’s better capturing of dry air entrainment, a process that would
reduce rainfall rates. Overestimating precipitation at ~3-km (1.8 mi) Ax is a finding consistent
across different models (Herman and Schumacher 2016). Similar model tendencies have been
documented in real-data case studies. Schumacher (2015), for instance, noted that 4-km

(2.5 mi) simulations accurately produced a supercell and a subsequent flood-producing MCS,
while simulations with finer Ax failed to produce the event. In contrast, Xue et al. (2013) found
that a 1-km (0.6 mi) Ax was needed to capture the deep convection forcing the event studied.

The results of Schwartz et al. (2017) were partially confirmed by the recent work of Schwartz
and Sobash (2019), who found that for events over the eastern CONUS and Mississippi River
Basin, the modeled frequency of warm-season rainfall events with rates 220 mm/h (0.8 in/hr)
derived from 1-km (0.6 mi) forecasts was closer to the observed frequency than that derived
from 3-km forecasts (1.8—mi). Over the Great Plains, the 3-km (1.8-mi) and 1-km (0.6-mi) heavy
precipitation climatologies were more similar. Schwartz and Sobash (2019) also found that 1-km
precipitation forecasts were better than 3-km forecasts during the cool season and spring, but
not during summer. Corroborating that summer result, Thielen and Gallus (2019) found that
their 1-km (0.6 mi) forecasts of MCSs were not better than 3-km (1.8 mi) forecasts over 10
summertime cases.

Feng et al. (2018) used a 4-km (2.5 mi) model setup to study the impact of two state-of-the-art
microphysics schemes— the Thompson (Thompson et al. 2008) and Morrison (Morrison et al.
2009) packages— on simulated MCSs over four months. While both schemes yielded similar
precipitation amounts, hourly precipitation intensities, rainfall diurnal cycle, upper-level cloud
shields, precipitation areas, and lifetimes of MCSs were better captured with the Thompson
scheme.

Using a climate modeling approach, Prein et al. (2017c), through comparison with high-
resolution rainfall observations, showed that a Ax=4 km (2.5 mi) model can capture MCS
properties such as peak hourly precipitation, precipitation volume, system size, and translational
speed. However, there was a significant underestimation of MCS frequencies in late summer in
the central U.S., mainly caused by the misrepresentation of atmospheric feedbacks involving
soil moisture (Barlage et al. 2018). Using the same model setup, Prein et al. (2017b) showed
that a projected future climate will increase the frequency of intense precipitating MCSs in the
U.S. The largest changes were found in the volume of the MCS heavy rainfall, which increased
by up to 80% under the RCP8.5 scenario. Such changes are partly already detectable in
observational records in the U.S. (Feng et al. 2016).

1.2.3 Extratropical Cyclones

Extratropical cyclones are another driver of intense precipitation and their simulation accuracy
relies on a model’s ability to represent the synoptic and mesoscale environments. Fronts in
extratropical cyclones present temperature gradients along which warm air is lifted over colder
air. Heavy precipitation can occur along frontal zones and near the low center.

As discussed in Secs. 2.5 and 3.5, the highest precipitation accumulations occur when fronts

are nearly stationary, and intense precipitation may occur in frontal cyclones when sufficiently
moist and relatively warm air ascends (Figure 1-10). The stream of warm/moist air that is
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advected and lifted is sometimes called the warm conveyor belt (Figure 1-13a; e.g., Harrold et
al. 1973). Warm conveyor belts can span thousands of kilometers and influence cyclone
dynamics significantly from the substantial release of latent heat in their associated precipitation
(e.g., Madonna et al. 2014). Pfahl et al. (2014) show that warm conveyor belts are a dominant
source of intense precipitation in many mid-latitude regions, accounting for up to 80% of heavy
precipitation situations in the southeastern U.S. In addition, convective cells can be embedded
in the warm conveyor airstream, which can further amplify rain rates.

For realistically modeling intense precipitation events, the frontal and cyclonic processes and
their interactions across a wide range of scales must be accurately simulated. While the large-
scale conditions (e.g., the movement of air masses) can be captured in coarse global climate
models with horizontal grid spacings on the order of 100 km (~62 mi), embedded small-scale
processes and flow interactions with surface features (e.g., orography, coastlines) demand
much higher-resolution configurations.

Flow aloft

Figure 1-13 (a) Schematic of Interactions of dry, cold, and warm Conveyor Belts in an
Extratropical Cyclone. (b) Analysis of Percent of Intense Precipitation that is
Related to Warm Conveyor Belts (Pfahl Et Al. 2014)

1-20



1.2.4 Orographic Precipitation

As might be imagined, a model’s ability to simulate intense precipitation events in which
topography is a key forcing element will be strongly dependent on the model’s representation of
that topography. Thus, grid resolution is critical.

Case study experiments have concluded that a Ax of approximately ~1 km (0.6 mi) or finer is
needed to capture orographically-forced heavy precipitation events (e.g., Colle and Mass 2000;
Colle et al. 2005; Garvert et al. 2005; Hart et al. 2005; Buzzi et al. 2014; Schwartz 2014;
Bartsotas et al. 2017; Gowan et al. 2018). However, there have been some exceptions (e.g.,
Grubisic et al. 2005).

Using a climate model setup for wintertime precipitation over the Rocky Mountains, Rasmussen
et al. (2011) confirm the above-referenced case study results. They showed that Ax had to be at
least 6 km (3.7 mi) to capture the observed precipitation. Apart from that of horizontal grid
spacing, the applied vertical grid spacing can have significant effects on simulated
accumulations in mountainous regions. In a study of a flood event in the U.S. Pacific Northwest,
Colle and Mass (2000) showed that the windward-slope precipitation varied by up to 30%, while
the leeside precipitation varied by up to 80%, when vertical grid spacing was changed. In this
setting, the precipitation was sensitive to variations in mountain wave structures that resulted
from the different vertical spacings tested.

Idealized models of intermediate complexity that use linear theory (Smith 1989) to describe
airflow in complex terrain have also been used to simulate orographically-induced intense
rainfall. Such models, which depend on a cumulus parameterization for convective precipitation,
can account for airflow over mountain ranges and gravity wave formation, but they cannot
account for gravity wave breaking or blocking, which can be important (e.g., Smith 2006,
Hughes et al. 2009). Intermediate-complexity models are, however, significantly less expensive
to run than full numerical models. Kunz and Kottmeier (2006), for example, used a linear model
to successfully simulate two heavy rainfall events over a hilly region in southern Germany. They
concluded that Ax=2.5 km (1.5 mi) performed best, while underestimations of rainfall increased
with a coarsening of the grid spacing (viz., a 35% underestimation with Ax=10km; 6 mi). More
recently, Horak et al. (2019) used a similar linear model approach over New Zealand at Ax=4
km (2.5 mi) and showed large improvements in the precipitation produced compared to the
reanalysis dataset that was forcing the model.

Idealized approaches have also been used to investigate orographic precipitation events. In this
context, Colle (2004) probed the impact of model microphysics on orographic precipitation. The
study concluded that microphysics schemes that account for supercooled water and graupel are
necessary to produce realistic orographic precipitation characteristics. A scheme that did not
account for these effects produced 30-40% more precipitation in the immediate lee of the
mountain, and a scheme that only accounted for liquid clouds underforecast leeside
precipitation (Colle and Mass 2000). Liu et al. (2011) confirmed these results and showed in a
regional climate model setting that orographic wintertime precipitation is highly sensitive to the
model microphysics. Sensitivities to the model radiation, land surface, and planetary boundary
layer schemes were small in comparison.

Using an idealized modeling setup, Siler and Roe (2014) showed that orographic precipitation
increases are smaller than near-surface water vapor increases under climate change
conditions. With climate change, precipitation maxima are expected to shift downstream of
forcing orography, leading to larger precipitation increases in the lee of mountain ranges than on
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the windward slope. On the other hand, a transition of snow to rain under climate change might
intensify precipitation on the windward slopes of mountain ranges, resulting in an increased rain
shadow effect on the leeside (Pavelsky et al. 2012). An increase in rainfall could also
significantly increase the runoff in rain-on-snow flood events mainly due to increases in the
snow-covered areas involved (Musselman et al. 2018).

1.2.5 Mixed Systems

The forcing for intense precipitation events may not necessarily fall into one of the above
categories. Some cases can present a variety of processes amplifying rainfall accumulations
through their interactions (Barlow et al. 2019). An example is the 2016 West Virginia Flood
resulting from rainfall over June 23-24, 2016 (Figure 1-14).

This event was caused by a series of MCSs that produced torrential rains over West Virginia,
with accumulations up to 9.8 in (250 mm; 9.8 in). The storms developed in a very moist and
unstable air mass with precipitable water values up to 50 mm (2 in) and CAPE of about 1500
J/kg. This moist air was, at the surface, bounded by a nearly stationary frontal boundary and
pushed upslope against the Appalachians, which intensified the rainfall. A series of MCSs were
initiated along the frontal boundary and moved southwest into West Virginia, redeveloping over
the same area. Applying a model to simulate such an event demands a realistic representation
of multi-scale processes and their interactions, requiring high resolution to capture the critical
topography as well as the convective dynamics and precipitation microphysics.

Figure 1-14 Synoptic Setting and Large-Scale Processes Involved 2016 in the West
Virginia Flooding, 1500 UTC 23 June 2016 (Modified from NOAA Surface
Analysis)
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1.2.6 Modeling of Intense Precipitation Events for PMP Estimation

Events of extreme precipitation are inherent in the concept of Probable Maximum Precipitation
(PMP). PMP has been an important input for structural and civil engineering plans and for
designing systems, such as nuclear power plants, to handle extraordinary environmental
conditions. The World Meteorological Organization (WMO) defines PMP as the greatest depth
of precipitation for a given duration that is physically possible and reasonably characteristic over
a particular geographic region at a certain time of year, with no allowance for climate trends.
Thus, the notion of PMP implies the occurrence of statistically extreme precipitation events,
although the most widely-used PMP methods (e.g., NWS Hydrometeorological Reports) are
deterministic and do not provide statistical or probabilistic information such as average
recurrence interval.

Over the past decade, there has been a growth in numerical modeling efforts in PMP to move
the estimation from heuristic extrapolative methods to approaches involving full-physics
atmospheric simulations. While we present a summary here, we have limited consideration of
numerical modeling for PMP purposes based on feedback from NRC, whose research program
is focused on probabilistic approaches.

Different methods have been used to estimate PMP, both hydrometeorological and statistical
(Singh et al. 2018), although hydrometeorological methods are the most widely applied in the
U.S. One hydrometeorological method often explored in NWP model investigations of PMP is
the moisture maximization method. In this approach, the storm precipitation is increased to a
value that is consistent with the maximum moisture in the atmosphere for the storm location and
time of occurrence, based on historical records. A basic assumption in this method is that
precipitation is linearly related to precipitable water. Under the moisture maximization method,
PMP may be expressed as (Chen et al. 2017):

PMP= P X (Wp_max/Wp_storm),

where P= observed extreme rainfall accumulation (based on a historical sample of extreme
storms), wp_stom= €Xtreme storm precipitable water (based on the sample), and w, max= highest
observed precipitable water (based on historical records). Problems with this formulation are the
assumption of a linear relationship between PW and rainfall and the reliance on limited local
historical records.

In an early NWP modeling study motivated by the procedures used for the design of high-
hazard structures and PMP estimation, Zhao et al. (1997) ran the MM5 (5""-Generation Penn
State—-NCAR Mesoscale Model; Grell et al. 1994) to investigate the effects on rainstorms of
artificially boosting atmospheric moisture. Their target warm season, central Plains event
involved over 200 mm (7.9 in) of rain in a few hours and occurred in an environment of weak
synoptic forcing. Moisture in the model was varied from 75-125% of observed values, and it
was found that storm rainfall total, storm structure, and storm timing were strongly sensitive to
such changes in water vapor. Moreover, the linear moisture maximization approach of
traditional PMP analysis underestimated the total storm rainfall and gave an improper spatial
distribution.

Zhao et al.’s illumination of possible deficiencies in the PMP estimation framework was

reinforced by the work of Abbs (1999), who assessed the ability of models to evaluate the
assumptions in the PMP calculation conceptual model, namely: (i) that the precipitation is
linearly related to the precipitable water (PW); (ii) that the precipitation efficiency does not
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change as the moisture availability increases; and (ii) that terrain modulates the distribution of
precipitation, but does not affect the synoptic dynamics of the storm environment. Looking at
simulations of various cases using the Regional Atmospheric Modeling System (RAMS; Pielke
et al. 1992) down to 7 km (4.3 mi), Abbs (1999) found inaccuracies in the PMP assumptions,
specifically noting that that precipitation is not necessarily linearly related to PW and that there
can be terrain feedbacks to the synoptic aspects of a storm.

Ryu et al. (2016) conducted a modeling study of heavy rains over lowa using the Weather
Research and Forecasting (WRF) Model (Skamarock et al. 2019) down to 1 km (0.6 mi). Their
PMP/intense precipitation investigation probed: (i) the relations of the regional distribution of
heavy rainfall events in the central U.S. to variations in precipitable water, water vapor transport,
and atmospheric saturation; (ii) the effect of the diurnal variation of water cycle components on
the regional distribution of heavy rainfall; and (iii) the mechanisms by which low-level moisture
yields heavy rainfall. For their target region, they found that the heavy rainfall was weakly
correlated with precipitable water. Neither extreme values of precipitable water or vapor flux
were a necessary or sufficient condition for heavy rainfall simulation. Rather, they found that the
thermodynamic properties tied to the vertical distribution of water vapor were more important.

A line of heavy precipitation modeling studies in the PMP context has focused on events forced
by atmospheric rivers. Ohara et al. (2011) applied the MM5 at 3 km (1.8 mi) to an atmospheric
river (AR) flood event in a Northern California watershed. They experimented with techniques
later picked up by subsequent researchers, which, if desired, could be applied for future NRC
precipitation studies. Their historical storm was maximized by modifying the model IC/BCs in
three ways: (1) setting the relative humidity at the lateral boundaries to 100%; (2) imposing the
BCs corresponding to historical peak precipitation conditions over the watershed; and (3)
spatially shifting the wind field along the boundaries to reposition the incoming moisture flux.
Each modification significantly increased the precipitation, demonstrating the importance of
applied wind and moisture conditions at model boundaries for maximizing precipitation.

Ishida et al. (2015) built on this by using the MM5 at 3 km (1.8 mi) in simulating historic AR
precipitation cases in three California watersheds, to get a bound on local rainfall as input to an
estimation of extreme floods. They applied the Ohara et al. (2011) RH maximization method of
setting boundary RH to 100% and also experimented with shifting the lateral boundaries to
maximize the contribution to precipitation of the AR’s moisture fluxes. Their simulations
produced watershed precipitation amounts that were significantly larger (1.4-1.7X) than the
historical maxima. This is another example of how NWP model frameworks can be manipulated
to generate and analyze extraordinary precipitation.

Ohara et al. (2017) also used the MMS5 to reproduce design storm events forced by ARs by
modifying lateral boundary moisture. Using 3-km (1.8 mi) domains, their tests increased
boundary RH to 100%. They found that while the prescribed moisture increased precipitation,
the amplification was not consistent. More importantly, in some watersheds, rainfall decreased
in some events, indicating that in regions of complex topography an increased synoptic moisture
supply is not guaranteed to yield more local rainfall. Their results contradicted the conventional
thinking of PMP moisture maximization (Schreiner and Riedel 1978) and confirmed the
weakness in the traditional assumptions previously reported by Abbs (1999) and Rastogi et al.
(2016). One notable conclusion was that dynamic and nonlinear interactive processes,
upstream impacts, and local flow field responses make it difficult to definitively characterize the
optimum atmospheric or model configurations for the physical upper bound of precipitation in
intense events.
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A similar approach in model-based heavy rainfall estimation— attempting to maximize
precipitation via boundary RH forcing— was applied in the tropical cyclone setting by Lee et al.
(2017). They used WRF at 3 km (1.8 mi) to simulate a typhoon-driven historic rainfall event in
Korea (Typhoon Rusa, 2002). They ran WRF in two maximization scenarios, which in part
differed from the approach of Ohara et al. (2017): (i) increasing both the lateral boundary air
temperatures (keeping RH constant) and lower boundary sea surface temperatures; and (ii)
setting RH=100% with temperatures as specified in (i). Only with their second approach could
the model-derived PMP values agree with the official estimates. Noted advantages of their
method over the traditional (non-modeling) method for heavy precipitation estimation were: (i)
that the modeling approach accounts for the effects of nhonlinear atmospheric processes and
provides PMP estimates without cruder assumptions (e.g., the simple linearity of precipitation
response with moisture content); and (ii) that it provides temporal and spatial patterns of intense
precipitation based on physics.

In recent work applying moisture maximization in the simulation of intense precipitation from
ARs, Toride et al. (2019) noted that the approach of Ohara et al. (2011), by systematically
saturating all the model boundaries, may introduce disturbances to the atmospheric conditions
beyond what is realistic. Thus, using WRF down to 4 km (2.5 mi), Toride et al. modified moisture
only on the boundary segments intersecting the path of ARs and did not impose strict
saturation. They found that saturation of entire model boundaries can produce unrealistic
atmospheric conditions and that furthermore, given storm structure, stability, and topography,
such saturation does not necessarily maximize precipitation over a watershed.

As the sampling of literature above indicates, an outstanding area of research in heavy
precipitation in the PMP context is how to realistically and consistently get models to depict, with
confidence, extraordinary situations. In that vein, to assist others in applying WRF for this
problem, Chen et al. (2017) proposed a modeling framework. Using a rainfall event in
Tennessee in 2010 with accumulations to 493 mm/48 hr (19.4 in/48hr), their analysis suggested
that WRF for this purpose is most sensitive to the IC/BC conditions and that simulations benefit
from finer than 5 km (3.1 mi). Certainly, the latter is something that has emerged from other,
prior studies, and the need for convection-permitting grids to probe intense precipitation is given
below as a finding of this review. More recent work by Toride et al. (2018), using WRF at 4 km
(2.5 mi), found that model precipitation in AR events is most sensitive to microphysics, with the
Goddard and the Lin-Colle schemes identified as superior in their runs. While these two studies
are nowhere near enough to explore the broad parameter space of WRF and other mesoscale
models for the intense precipitation problem, such work provides a point of reference for future
modeling investigations.

1.3 Current Challenges and Opportunities in Modeling of Intense Precipitation

1.3.1 Observational Constraints

Evaluating intense precipitation events is challenging due to the need for high-resolution, high-
guality observational datasets. Such datasets do not exist in many places, and, even in data-
rich areas such as Europe and North America, observational uncertainties in intense
precipitation cases are large (e.g., Prein and Gobiet 2017). Rain gauges are the backbone of
precipitation observation: they typically provide the highest-quality, most reliable data and are
often used to calibrate and evaluate in-situ radar and satellite observations (e.g., Crosson et al.
1996, Stocker and Wolff 2007). However, rain gauge measurements are not perfect. Their
dominant error is precipitation undercatch. While the magnitude of this depends on the type of
precipitation and the particular measurement array, it typically ranges from 3% to 20% for rain
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and can be from 40% and 80% for snow, in case of non-shielded gauges (Fgrland et al. 1996;
Goodison et al. 1998). Undercatch errors increase in situations with high wind speeds, which
can often be the case in intense rain settings (e.g., tropical cyclones).

Another source of observation error that can be significant is sampling uncertainty. Sampling
uncertainty primarily depends on the station density and the spatial heterogeneity of
precipitation (i.e., stratiform vs. convective precipitation; see, e.g., Schneider et al. 2014). In one
assessment, Rudolf et al. (1994) estimated that precipitation sampling errors were between £ 7-
40% when five rain gauges were located in the relatively large area of 2.5x2.5° (~250x250 km;
155x155 mi). Using 10 stations reduced this bias to £=5-20 %. Comparable results were found
by Prein and Gobiet (2017).

Most model evaluation studies rely on precipitation observations that have been interpolated to
a grid since that allows a direct comparison to modeled grid-average precipitation rates,
simplifies the areal averaging of precipitation, and provides precipitation estimates at locations
without gauges. However, interpolating station data to a grid tends to smooth gradients, which
leads to an under-representation of the precipitation extrema (Haylock et al. 2008, Hofstra et al.
2010). The effect of the gridding method can alter climatological mean precipitation by as much
as 50% in poorly observed regions. Moreover, the particular interpolation method applied is
especially important for rainfall greater than 20 mm/d (0.8 in/d; Contractor et al. 2015). Lastly,
creating reliable gridded observed precipitation analyses in mountainous regions is especially
difficult due to strong spatial precipitation gradients induced by the topography, to gauge
undercatch biases resulting from wind effects, to the predominance of snowfall at high
elevations, and to sampling location biases, as most stations in mountainous regions are in
valleys.

Some of the known sampling biases can be reduced by using multi-sensor precipitation
estimates. One example is the Stage IV dataset (Crosson et al. 1996, Fulton et al. 1998), which
combines observations from a nationwide radar network with surface observations. While the
Stage IV dataset is often considered the gold standard for sub-daily precipitation evaluation over
the United States, it also has known deficiencies, especially over complex terrain (e.g., Nelson
et al. 2016). Satellite observations can provide more global coverage at high spatial and
temporal resolution, but like Stage 1V, satellite-based precipitation products have large
uncertainties in regions with a complex topography (e.g., Derin and Yilmaz 2014, Sun et al.
2018). More recently, there has been a trend toward creating precipitation datasets by
combining different methods and observation types (Zhang et al. 2018). One example is that of
regional reanalyses that can improve the depicted spatial characteristics of precipitation in data-
sparse regions (e.g., Dahlgren et al., 2014, Prein and Gobiet 2017). Another example is a
product like the Multi-Source Weighted-Ensemble Precipitation (MSWEP; Beck et al. 2017)
dataset, which combines information from rain gauges, satellites, reanalyses, and streamflow
measurements.

1.3.2 Computational Needs

While it has been established that CP model configurations outperform coarser-resolution ones
for simulating intense precipitation events, this comes at the price of substantially-increased
computational needs. Halving the grid spacing of a model increases the computational costs by
at least a factor of eight when the same area is covered. This reflects a doubling of the number
of grid points in each of the two horizontal (X-Y/lat-lon) directions, compounded by a doubling of
the number of model integration steps needed to produce a forecast of the same length (as the
time step must be halved due to the smaller Ax). Balancing available computational resources
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with necessary model resolution and simulation length/ensemble size then becomes a
challenging optimization problem.

The WRF Model features linear strong scaling (Figure 1-15), which means that it takes
advantage of increasing computer cores very efficiently and completes a simulation in nearly
half the time when doubling the available compute resources (viz., cores). An estimate of
relative computational resources needed (core-hours) when decreasing the model horizontal
grid spacing compared to a 4-km (2.5-mi) simulation, leaving all other model components the
same, is shown in Table 1-3. For example, running the same simulation at Ax=250 m instead of
Ax=4 km (2.5-mi) requires at least 4096 times more compute resources. This is equivalent to
being able to simulate a 4096-member ensemble at Ax=4 km (2.5-mi) for the same costs as one
Ax=250 m (880 ft) simulation.

Table 1-3 Increase in Computational Costs (Core-Hours) When Decreasing the
Horizontal Grid Spacing And Halving the Time Step, Assuming Perfect
Linear Scaling, With Respect to a Ax=4 km (2.5 mi) Reference

12 km 4 km 2 km 1 km 500 m 250 m

7.5 mi 2.5 mi 1.2 mi 0.6 mi 1640 ft 880 ft
Relative Computational 0.04 1 8 64 512 4096
Resources

Several studies have found that coarse CP model ensembles can provide better guidance than
deterministic forecasts with higher resolution (e.g., Hagelin et al. 2017; Loken et al. 2017;
Mittermaier and Csima 2017; Schwartz et al. 2017). Moreover, both Clark et al. (2011) and
Schwartz et al. (2014) noted that CP ensembles with only 10 forecast members can provide
adequate guidance and, furthermore, that there is a point of diminishing returns at which adding
additional ensemble members is not beneficial. Ultimately, these findings could imply more-
constrained computational demands for ensemble forecasting of intense precipitation.

Another resource issue in the intense precipitation event modeling is that of data volume. The
tremendous outputs from km-scale runs make data archiving and sharing a challenge,
especially for large ensemble systems or for long climate integrations. For such applications, it
is often necessary to be selective in saving output variables. One approach to mitigate the
problem is online processing and analysis during model integration; this can significantly reduce
output volume and obviate the need for separate post-processing work. A strategy of simply
considering reruns of simulations, via saving model input and restart files, can also be a way to
reduce the long-term storage needs.
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Figure 1-15 WRF Scaling Results From Four Different Simulations: Hurricane Maria at 1-
km And 3-km (0.6-mi and 1.8-mi) Resolutions and the Official CONUS
Benchmarks for WRF Used for Computational Estimations
(http://www2.mmm.ucar.edu/wrf/wg2/bench/) at 12-km and 2.5-km (7.5-mi
and 1.5-mi) Resolution

1.3.3 Model Physics

The performance of model physics packages can be critical in the simulation of intense
precipitation events. As noted above, CP model configurations have the advantage of avoiding
uncertainties introduced by convective parameterizations, which are a key source of error (e.g.,
Déqué et al. 2007, Mooney et al. 2017), especially for heavy precipitation settings (Bruyére et
al. 2017). In CP simulations other model physics areas gain in importance, with microphysics
(see, e.g., Schwartz et al. 2010) and PBL schemes looming large.

Generally, more complex microphysics that represent ice processes and that simulate both
mass mixing ratios and number concentrations of particles (known as 2-moment schemes)
outperform simpler, single-moment schemes (Wang 2002; Bryan and Morrison 2012).4
However, the more complex schemes have more parameters, and these are often poorly
constrained by observations. This makes the schemes highly tunable, introducing uncertainties
in the resultant weather and climate simulations (Hourdin et al. 2017), which are sensitive to the
chosen tunings. Other microphysics approaches such as spectral bin schemes (e.g., Lynn et al.
2005, Wallace and Hobbs 2006) or Lagrangian schemes (e.g., Andrejczuk et al. 2008, 2010)
show promising results due to more physically based assumptions, but are computationally
more expensive, which limits their application in weather forecasting and climate modeling.

Another challenge in CP modeling is the representation of turbulent processes in the boundary
layer and in convective clouds (Wyngaard 2004, Prein et al. 2015). Scale-aware

4 Simpler microphysics schemes only represent the mass mixing ratios of hydrometeors, such as rain, expressed in
kg of precipitate in a kg mass of air (units: g/kg or kg/kg). The more complex, 2-moment schemes also carry the
number concentration of ice particles per unit volume of air (no./m2, no./cm3).
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parameterizations are under development (e.g., Shin and Hong 2015, Brast et al. 2018), but
their application to intense precipitation events has not yet been systematically studied.

For operational weather forecasting and climate modeling, understanding of model physics
combinations that operate well under a large range of conditions are needed. Several groups
have identified model settings for skillful simulations of a variety of heavy-rainfall-producing
systems such as tropical cyclones, MCSs, and atmospheric rivers. Table 1-4 summarizes model
setups from CP modeling efforts over North America using the WRF Model. One can see some
similarities in the physics packages used.

Table 1-4 Selected Model Physics Settings in CP Weather Prediction and Climate
Simulations in North American Applications

Modeling Land

Microphysics PBL Radiation Reference
effort Surface
NCAR AR- 3-km  Thompson MYJ RRTMG NOAH Schwartz
Ensemble  WRF (~1.8- (Thompsonet (Janjic (Mlawer et al.
Forecast V mi) al. 2008) 1990, etal. (2015,
3.6.1 1994) 1997) 2019)

North- AR- 4-km  Thompson YSU RRTMG NOAH-  Liuetal.
American  WRF (2.5- (Thompson (Hong (Mlawer MP 2017
CP-climate V3.4.1 mi) and et al. et al.
simulations Eidhammer 2006) 1997)

2014)
High- AR- 3-km  Thompson MYJ RRTM RUC Benjamin
Resolution WRF (~1.8- (Thompsonet (Janjic (Mlawer et al. 2016
Rapid mil al. 2008; 1990, etal.
Refresh Thompson 1994) 1997)
(HRRR) and

Eidhammer

2014)

Figure 1-16 summarizes the impact of model physics on uncertainties in simulating heavy
precipitation events featuring embedded convection. For non-CP simulations (Ax>4 km, 2.5 mi),
uncertainties originating from the convective parameterization dominate (e.g., Mooney et al.
2017). In contrast, at CP scales (4 km>Ax>500 m; 2.5 mi>Ax>1640 ft) microphysics and PBL
schemes gain in importance and are the greatest sources of uncertainty. The uncertainty
associated with the PBL scheme decreases when approaching large-eddy simulation scales
(Ax<250 m, 880 ft) since turbulent eddies are increasingly resolved. Note that this is a
schematic representation and that uncertainty sources are generally case dependent.

Other sources of uncertainty such as those stemming from model numerics and initial and
boundary conditions are also important (e.g., Gallus and Bresch 2006). While numerics and
physics play a major role in correctly simulating the processes of a particular precipitation
system, initial condition uncertainty often dominates over physics and lateral boundary
uncertainty, especially in the spatial placement of systems in short-term forecasts (Hohenegger
et al. 2008; Vié et al. 2011, Peralta et al. 2012; Kiihnlein et al. 2014; Romine et al. 2014; Zhang
2019). Thus, ensembles with initial condition diversity can be powerful tools for intense
precipitation forecasting.
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Figure 1-16 Sources of Uncertainty in the Simulation of Intense Precipitation Events
Featuring Embedded Deep Convection

1.3.4 Model Numerics

The approach to the discretization of the equations of motion is another model building block
that can impact the distribution and intensity of simulated precipitation. Numerical diffusion is
applied to the model’'s prognostic variables and has a smoothing impact on atmospheric fields.
This affects these quantities on scales of two to eight times the horizontal model grid spacing
(Skamarock 2004, Skamarock et al. 2014). While serving a computational purpose, numerical
diffusion has some undesirable effects and imposes some increase in computational cost. While
the use of higher-order numerical schemes can mitigate the problems (Ghosal 1996, Weller and
Weller 2008, Ogaja and Will 2014), they present their own issues and costs.

Certain specifications in model dynamics can improve numerical stability, and this is particularly
important in regions with complex topography where the application of finer grids requires
concomitant time step reductions. It has been found that the application of refined numerical
schemes can significantly improve the numerical accuracy and stability of flows in complex
terrain and can improve simulations over areas of steep slopes (e.g., Zéngl 2012, Zéng| et al.
2015). Likewise, the formulations for advection in models are important to forecast accuracy and
realism. Skamarock and Weisman (2009), for example, showed how the implementation of
positive-definite moisture advection can reduce biases in CP forecasts, illuminating the
relevance of this aspect of numerics to heavy precipitation modeling.

Lastly, a model’s numerics can significantly alter simulation sensitivity to model physics. Gallus
and Bresch (2006), for example, found that the influence of changing model numerics on the
precipitation volume and area covered by convective storms can be even larger than changes in
the set of model physics schemes used.

1-30



1.3.5 Model Ensembles: Initial Conditions and Spread

Given the inherent uncertainty regarding small-scale processes and the fact that small-scale
errors grow faster than large-scale errors, there is an argument that convection-allowing
precipitation forecasts should be presented probabilistically. This is especially true when one is
concerned with the accurate placement of precipitating systems. While postprocessing
techniques can derive probabilistic information from deterministic forecast output (e.g., Theis et
al. 2005), CP ensembles are a more natural way to quantify forecast uncertainty. This
uncertainty is reflected in forecast spread that can originate from perturbations to initial
conditions, boundary conditions, and physics, with a combination of errors from all three
sources typically yielding the best forecasts (e.g., Peralta et al. 2012; Romine et al. 2014).

CP ensembles have been shown to provide valuable forecast guidance for heavy precipitation
and severe weather episodes (e.g., Evans et al. 2014; Schwartz et al. 2019), and CP
ensembles— despite their computational expense— are becoming operational at most major
weather forecast centers. However, most CP ensembles lack spread, and often an observed
precipitation event will fall outside of the ensemble envelope (Duc et al. 2013; Tennant 2015;
Hagelin et al. 2017; Schwartz et al. 2014, 2015, 2017, 2019, Raynaud and Bouttier 2016). Thus,
further efforts are needed to increase ensemble spread in CP ensembles, including
representations of model error (e.g., Romine et al. 2014; Jankov et al. 2019) to improve spread
characteristics and yield statistically reliable (i.e., well-calibrated) precipitation forecasts.

14 Section Summary

This section has surveyed and summarized the body of literature on the simulation of intense
precipitation with numerical atmospheric models. We have examined published works across
disciplines, with the studies reflecting a variety of approaches, such as idealized simulations,
physical process investigations, case studies, forecast reviews, and climate projections. We
have focused on the ability of models to capture atmospheric conditions and processes involved
in heavy rain events. In the tropics and subtropics, intense rainfall is predominately caused by
tropical cyclones, while in the middle and higher latitudes mesoscale convective systems
(MCSs), frontal systems attending extratropical cyclones, and atmospheric rivers are dominant.
Also, across latitudes, orographic forcing can be a factor in intense precipitation episodes.

The literature review has found that, in general, convection-permitting (CP) configurations of
models improve the simulation of convective precipitation compared to coarser-resolution
implementations (i.e., those that rely on convective parameterization), regardless of the
atmospheric forcing. As to the upper limit on resolution for simulation success, several studies
have identified ~4-km (~2.5-mi) horizontal grid spacing as the minimum needed for explicitly
simulating convection and its effects (Weisman et al. 1997; Gentry and Lackmann 2010; Prein
et al. 2019). Results published to date show that further decreasing model grid spacing does
improve the realism of the simulated convective elements, such as updrafts/downdrafts (Wang
et al. 2019) and entrainment (Lebo and Morrison 2015), but how this translates consistently into
improved quantifications of the evolutions, durations, and distributions of heavy precipitation is
less clear. One understanding that has emerged, however, is that grid spacings of 3—4 km (2—-3
mi) tend to overestimate intense precipitation rates (e.g., Ban et al. 2014, Herman and
Schumacher 2016), with the situation being improved by the application of grids with finer
resolution (Schwartz et al. 2017).

For terrain-influenced events, climate simulations focusing on the Rocky Mountains suggest that
heavy orographic precipitation can be captured by models with grid spacings on the order of
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~10 km (6 mi) for non-convective storms (Rasmussen et al. 2011, Prein et al. 2013, Letcher and
Minder 2015). However, in other regions, case studies have shown that at least 4-km (2.5-mi)
grid spacing is required to capture precipitation patterns in mountainous regions (Garvert et al.
1997, Colle and Mass 2000; Colle et al. 2005; Garvert et al. 2005; Hart et al. 2005; Buzzi et al.
2014; Schwartz 2014; Bartsotas et al. 2017; Gowan et al. 2018). Moreover, high vertical
resolution is also essential to capture orographically-forced gravity waves that can modulate
intense precipitation (Colle and Mass 2000).

Realistic model physical process schemes are fundamental to capturing heavy precipitation
events, with microphysics being particularly important in CP simulations. Microphysics schemes
that account for frozen particles have repeatedly been shown to improve intense precipitation
simulations (Wang 2002; Bryan and Morrison 2012; Singh and O'Gorman 2014). While there is
less consensus on whether more complex microphysics schemes (i.e., two-moment schemes)
outperform simpler schemes (one-moment schemes; Van Weverberg et al. 2014; Morrison et al.
2015; Feng et al. 2018), the higher-order schemes do more fully describe conditions that are
better-addressed as model grid scales become finer. Although they are described as explicitly
generating precipitation, microphysics schemes do, in fact, rely on numerous parameters, which
introduce forecast uncertainly and error. The literature, for example, makes clear that
microphysics parameters, such as those that control raindrop breakup (Van Weverberg et al.
2014) or particle fall speeds (Singh and O'Gorman 2014), can have large effects on simulated
intense precipitation. Lastly, model microphysics can also influence the duration of precipitating
storms (Feng et al. 2018). Other model physics components, such as PBL schemes, radiation
schemes, and land surface models, tend to be less important in precipitation response than
microphysics, at least in wintertime settings (Liu et al. 2011). For warm-season events,
however, PBL scheme sensitivity can be larger than microphysics sensitivity (Efstathiou et al.
2013). Atmospheric models have multiple dimensions and many degrees of freedom, and the
literature shows that an additional source of uncertainty stems from the interactions between
model physics and numerics. Thus, changes in aspects of numerics can alter model sensitivity
to physics configuration and can significantly affect the precipitation characteristics of
convective storms (Gallus and Bresch 2006).

In summary, while there are sensitivities to model grid configurations, physics, and numerics,
the literature makes it clear that realistic and accurate simulation of intense precipitation can be
achieved with CP-configured models. Furthermore, such fine-scale modeling has been
successful in capturing the recognized set of precipitation-forcing processes and conditions and
has done so across varied geographic, meteorological, and climatic regimes. Thus, the science
has progressed beyond merely running a model at high resolution on an intense precipitation
case study, seeing that the event is simulated “reasonably well”, and declaring success. The
work now lies in identifying how to improve models for the intense precipitation problem, how to
exploit their output for hydrometeorological and engineering needs like design storm analysis,
and how to best apply them for probabilistic forecasting and risk assessment.

Based on the picture presented by the current literature and on our own atmospheric modeling
experience, we see the following issues and opportunities regarding improvement of the
simulation and analysis of intense precipitation with atmospheric models.

e Many studies focus on assessing uncertainties in modeling intense precipitation events
but missing is a holistic analysis that compares the full range of uncertainty sources such
as model numerics, resolution, physics, initial and boundary conditions, storm type, and
observational error. This makes it difficult to understand the hierarchy of sensitivities and
needs and, as a result, to efficiently improve current models.
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While the finer-scale model configurations of 2—4-km (1.2—2.5-mi) grid spacing that have
been most written about can be successful and are deemed convection-permitting, they
are not truly resolving most convective motions and processes. Thus, the next readily-
reachable frontier for intense precipitation modeling is that of 1-km (0.6-mi) and sub-km
grid spacings. This pushes into large-eddy-scale (LE) territory, which will present
challenges in the representation and handling of turbulence and in the possible
breakdown of model physics schemes, such as for the PBL, which were constructed for
larger-scale representations. Thus, the development and testing of scale-insensitive
model physics packages for high-resolution investigation of the intense precipitation
problem would ideally be an element of the work. Scale-insensitive schemes, particularly
those for microphysics and the PBL, should function seamlessly from the microscale to
the LE scale. After investing in greater compute resources to generate sub-km-scale
simulations of intense precipitation, systematically assessing forecast performance will
be important, in part due to known deficiencies in the realization of turbulent and
boundary layer processes in CP configurations.

The creative application of ensembles is another avenue in intense precipitation
prediction and analysis. For this problem, however, high-resolution ensemble modeling
presents both practical and theoretical questions. One is finding a balance between high
model resolution and adequate ensemble size, with each being important in either
realistically capturing IP events or in optimally projecting the uncertainties of the IP
situations. A challenge here, again, is presented by the compute resources demanded
by covering both the resolution and ensemble size aspects. Advancements could be
made by adopting alternative strategies such as targeted downscaling of high-impact
events (e.g., Schwartz and Sobash 2019; Hall 2019), instead of, for example, generating
a volume of daily forecasts or transient climate simulations.

Although CP models can simulate intense precipitation events, it is not straightforward
how to apply the output of these tools in the design of critical infrastructure (e.g., nuclear
power plants, hospitals, airports) due to typically short observational records. Such limited
records make it likely that high-return-value events (e.g., the thousand-year event) have
not yet been observed. Thus, model predictions may be questioned if they significantly
exceed historical records, but they may still be possible and realistic. Additionally, a return-
value assessment based on historical data is not representative of future risks, due to the
projected intensification of intense precipitation under climate change (e.g., Wright et al.
2019). However, numerical models are flexible and do allow to provide a best estimate
(e.g., mean or median) of heavy precipitation events along with a quantitative estimate of
the uncertainty surrounding that best estimate. Examples are using a storyline approach
(Shepherd et al. 2018) or doing targeted downscaling of high-impact rainfall events from
large-ensemble global climate model datasets (Hall 2019, Fujita et al. 2019).
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2 DEMONSTRATION OF THE USE OF CONVECTION-PERMITTING
NUMERICAL MODELS FOR ESTIMATING INTENSE PRECIPITATION

In this section, we summarize the forecast performance of three convection-permitting (CP)
numerical weather prediction (NWP) model ensembles in simulating heavy precipitation events
of recent years in the eastern United States. The analysis is performed according to the
experimental design and evaluation strategy outlined in Sec. 2.1 . The primary questions are as
follows.

o How well can CP models simulate heavy precipitation events, as evaluated by high-
resolution, multi-sensor precipitation observations?

¢ How do model biases compare to the differences between multi-sensor and station-based
precipitation observations?

e Can CP models capture terrain gradients driving heavy precipitation events in
mountainous regions?

¢ How does NWP model skill depend on event intensity and seasonality?

e |s there a significant improvement with 1-km grid spacing simulations compared to 3-km
runs (i.e., 1.8-mi grids v. 0.6-mi grids)?

To answer these questions, we collected a range of high-resolution gauge and multi-sensor
precipitation datasets. Our primary interest is how well the simulations capture the peak
accumulations and locations of maxima, and secondarily the spatial extent and total volume of
precipitation. The analyses are performed in four designated regions that have varying heavy
precipitation-producing processes— southern U.S., central U.S., Appalachian Mountains, and
East Coast

2.1 Experimental Design and Evaluation Strategy

2.1.1 Datasets and Analysis Region
2.1.1.1  Simulations

We leverage three existing convection-permitting model forecast datasets that were produced
by NCAR. These datasets capture multiple high-impact flood events in the U.S. The target
datasets have been used in published work, and Table 2-1 summarizes their characteristics.
These datasets represent 10,570 36-hour WRF simulations/forecasts at 3-km (1.8 mi) horizontal
grid spacing (Ax=3 km; 1.8 mi) and 810 36-hour simulations at 1-km (.6 mi) horizontal grid
spacing (Ax=1 km; 0.6 mi). Both of these setups employed 40 vertical levels with a model top at
50 hPa. In addition to atmospheric state variables output on discrete pressure levels, they
contain hourly surface meteorological and diagnostic fields, such as accumulated precipitation,
temperature, convective available potential energy (CAPE), and convective inhibition (CIN). All
of these datasets are readily available to us for analysis.

As shown in Table 2-1, several published studies have evaluated precipitation in these datasets,
and their performance for heavy rain events has been noted. However, the simulations have not
yet been evaluated for their ability to capture high-return-period, flood-producing events, a focus
of this effort.



Table 2-1 Convection-Permitting Forecast Datasets That Allow The Evaluation of
Simulated Intense Flood Events

Dataset Ax Elements Period Region References
NCAR Real- 3 km 10-member 5/1/2015- CONUS Schwartz et al.
time Ensemble (1.8 mi) ensemble 12/31/2017 (2014, 2015a,
forecasts 2015b), Romine et
al. (2014)

NCAR MPEX 3 km 10-member 5/15/2013- Central / Schwartz et al.
Ensemble (1.8 mi) ensemble 6/15/2013 eastern (2017)

& 1 km  forecasts uU.S.

(0.6 mi)
NCAR Severe 3 km Deterministic  2010-2017 Central / Sobash et al. (2019),
Weather Study (1.8 mi) forecasts; eastern Schwartz et al.

& 1km 500 cases U.S. (2019)

(0.6 mi)

2.1.1.2 Observations

While the CONUS is observationally data-rich (relative to many other regions), with this
meteorological information supporting detailed CPM evaluations in intense precipitation events,
there are still large observational uncertainties in the analyses produced (see, e.g., Prein and
Gobiet 2017). To mitigate this, while also attempting to understand the uncertainties, we use an
ensemble of observational datasets for model evaluation.

Representing multi-sensor datasets, we use the Stage-IV (Crosson et al. 1996, Fulton et al.
1998) and the Multi-Radar/Multi-Sensor (MRMS) data (Zhang et al. 2016). Both of these rely on
the Weather Surveillance Doppler radar (WSR-88D) network in combination with surface
precipitation measurements to derive precipitation estimates with high spatiotemporal
resolution. The Pls have extensive experience using this dataset for model evaluation (e.g.,
Prein et al. 2017c; Schwartz et al. 2015, 2019).

In addition to these multi-sensor measurements, we use two additional station-based gridded
observational datasets to estimate the uncertainties in heavy daily accumulations. The primary
input for these datasets are point observations at precipitation gauges, which are interpolated
onto a grid. Furthermore, digital elevation data in combination with vertical lapse rate
assumptions are used to improve the spatial representation of precipitation fields in areas with
complex topography.

The first station-based gridded observational datasets is the PRISM daily dataset from the
University of Washington (Daly et al. 1994, 2002, 2008), which incorporates nearly 13,000 rain
gauges from the CONUS over the period 1981-present. Compared to other gridded
precipitation datasets, PRISM has improvements, particularly in mountainous and coastal areas
of the western U.S. (Daly et al. 2008). PRISM has an advantage over the Stage-1V and WSR-
88D datasets in the Rocky Mountains, as the latter observations typically have large errors in
mountainous regions due to radar beam blocking. The second additional data source is the
Newman precipitation dataset (Newman et al. 2015). This dataset has a similar station density
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to PRISM, but it consists of a 100-member ensemble, thus allowing for the calculation of
uncertainties in extreme precipitation estimations.

For a more process-based analysis, we apply the ERA-5 reanalysis to evaluate the simulations
of the events’ large-scale weather patterns. ERA-5 assimilates a wide range of observations to
constrain a model in its depictions of atmospheric conditions. ERA-5 allows the assessment of
WRF’s ability to simulate quantities like CIN, CAPE, and integrated moisture flux, which are
important factors in intense precipitating storms. A summary of observational datasets is shown
in Table 2-2.

Table 2-2 Observational and Reanalysis Datasets Used for Model
Evaluation Fooftnotes provide links to download these datasets.

Dataset Variable Time period Temporal Horizontal
resolution resolution

Stage-IV* precipitation 2001-present 1-hour 4 km (2.5 mi)
Multi-Radar/Multi- precipitation, 2011-present 5-minutes 1 km (0.6 mi)
Sensor (MRMS)? reflectivity

PRISM?3 precipitation 1981-present daily 4 km (2.5 mi)
GMET (100 members)* precipitation 1980-2016 daily 12 km (7.5 mi)
ERA-5° 3D atmosphere  1979-present hourly 31 km (19 mi)

! https://data.eol.ucar.edu/dataset/21.093

2 https://mrms.ncep.noaa.gov/data/

% https://prism.oregonstate.edu/

4 https://ncar.github.io/hydrology/models/GMET

® https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels

2.1.1.3  Analysis Regions

We have divided the eastern CONUS into four regions (Figure 2-1) that feature common
climatic or topographic characteristics and in which intense precipitation events tend to reflect
similar processes. The “South” includes the Gulf Coast and South Atlantic states. Storm
systems, fed by tropical and sub-tropical moisture from the Gulf and Atlantic (e.g., hurricanes,
mesoscale convective systems) are the main causes of intense precipitation events in this area.
The “Mid CONUS” area encompasses the Great Plains and Midwest, regions in which
mesoscale convective systems are the dominant rain producers. The “East Coast” region is that
east of the Appalachians, and its heaviest precipitation events can result from tropical storms,
MCSs, or frontal systems. The “Appalachians” region follows the main crest of the mountains
and was selected to evaluate CP models’ ability to capture orographically-enhanced
precipitation situations.
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2114 Representativeness of Database Period

To assess the representativeness of the days where simulations exist (our “database period”;
see Table 2-1) compared to the full Stage IV record (2002-2018), we calculate the peak
precipitation accumulation (i.e., accumulated over storm lifetime) for each storm system in the
CONUS, based on the tracking of hourly MCSs precipitation. Storm systems are defined as
continuous precipitation regions (in space and time) with precipitation rates greater than 5 mm/h
(0.2 in/h). Only systems that have a minimum size— defined here as the area of heavy
precipitation accumulated over the storm lifetime— of 48,000 km? (18,533 mi?) are considered;
this is to remove small or weak systems from the analysis and to speed up the computation.
This threshold was found to reliably identify mesoscale convective rainfall areas in published
analyses that looked at varied precipitation thresholds and minimum rainfall areas (Clark et al.
2014, Prein et al. 2017b).

Figure 2-2a shows the peak accumulation of all tracked storms in the Stage IV dataset covering
the period 2002-2018. We note that Stage IV records include some spurious data in the
Western U.S. due to limitations with radar-derived estimates in complex terrain (e.g., related to



beam blocking), and therefore some of the accumulations in this region might be overestimated.
Events with accumulations higher than 250 mm (10 in) can occur in any region of the eastern
U.S. but are most frequent (threshold exceeded approximately 10 times a year) along the Gulf
Coast and southern Atlantic coastline. There is also a high frequency of storms with large
accumulations in the central U.S. east of the Mississippi.

Figure 2-2b indicates that the distribution of storms on days covered by our model datasets is
similar to the one using the entire Stage-1V record, and the same hotspots appear. Many events
with accumulations larger than 250 mm (10 in) are included in our forecast datasets and
evaluating them will allow a statistically robust assessment of model skill in simulating heavy
precipitation episodes.

Peak storm total precipitation accumulation for 2002-2018 [mm] Peak storm total precipitation accumulation for simulation days [mm]
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Figure 2-2 Peak Accumulation Intensity (Color) and Location for Each MCS in Stage IV
for the Period 2002-2018 (a). (b) Similar to (a), but Only Showing Peak
Accumulations for Storms Covered by Model Datasets to be Used (See
Table 2-1)

Figure 2-3 shows the peak accumulations for the entire Stage IV record for each analysis region
shown in Figure 2-1. The days covered by our database include many of the events with the
highest accumulations in the South region. Also, the Mid CONUS region includes storms with
peak accumulations that are representative of the entire Stage IV record. Our data coverage
period, however, does not include the events with the highest accumulations in the Appalachian
and East Coast regions. Still, there are many episodes in the period that exceed 150 mm (6 in)
accumulation, and this set will allow for a robust assessment of model skill in these regions.
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Figure 2-3 MCS Peak Accumulation in South, Mid CONUS, Appalachian, and East
Coast Regions Black dots show all MCSs in Stage IV, and red dots denote
the events covered in our database of forecasts.

2.1.2 Case Study Selection

To identify candidates for heavy precipitation case studies, we reviewed Stage IV data and
noted the highest daily accumulations east of the Rockies (i.e., east of approx. 105 W) occurring
in our model database period. It became apparent that the highest accumulations were caused
by landfalling tropical cyclones, these favoring the South region. Thus, to cover a variety of
meteorological settings and to prevent the analysis from being dominated by tropical systems,
we divided the full eastern CONUS domain into four regions (Figure 2-1). The event rankings
were then made separately for each area. This allowed precipitation events from a variety of
forcing conditions (e.g., cold fronts, upper-level lows, MCSs, and orography) to populate the
rankings.

We smoothed the Stage IV data with a 64 km x 64 km (40 mi x 40 mi) square filter to focus on
mesoscale precipitation patterns. Each grid cell was averaged with its 256 neighbors. Cells with




missing accumulation (i.e., outside the coverage of the WSR-88D network) were assigned zeros
before averaging. This smoothed out the largest accumulations at the convective scale and
ensured that we captured events with enough rainfall volume to affect a modest river catchment.
Tests using a 4-km (2.5-mi) filter length (i.e., no smoothing) and a 500-km (311-mi) filter length
resulted in the selection of events similar to those identified from the mesoscale, 64-km (40-mi)
smoothing. Table A-1—Table A-4 and Figure A-1—Figure A-4 show the top 20 maximum daily
precipitation accumulations for each region.

2.1.3 Evaluation Strategy

Here we describe the strategies using both Eulerian and Lagrangian frameworks for model and
event evaluations that are performed in Section 2.2 .

2131 Eulerian Framework — Catchment-Scale Precipitation Characteristics

To probe the question of how well a model predicts precipitation events, an Eulerian, or fixed-
point reference frame, is used to evaluate the described 1- and 3-km precipitation forecasts (1.8
mi and 0.6 mi, respectively). We define a precipitation event as an instance of a grid cell having
24-hr rainfall exceeding a given threshold. This 24-hour period corresponds to the 12- to 36-
hour lead times of the forecast. Different rainfall thresholds were applied, ranging from 1 mm to
50 mm (0.04 to 2 in).

We use two primary verification metrics: Equitable Threat Score and Fractions Skill Score. The
Equitable Threat Score (ETS) evaluates a dichotomous or yes/no forecast, while the Fractions
Skill Score (FSS) compares the fractional coverage of events in the forecast and observations.
We analyzed model skill at progressively larger neighborhoods to accommodate different
tolerances for displacement errors.

Using neighborhoods has the benefit of avoiding the “double penalty problem” of traditional grid-
point methods. The double penalty problem occurs due to displacements of heavy-rainfall-
producing storms in the model simulations, which results in penalizing the model performance
metric twice: once for missing an observed event and once for a false alarm simulating an event
at a location where none was observed.

21311 Equitable Threat Score

We use the Equitable Threat Score (ETS; also called Gilbert Skill Score (GSS)) to see how well
the model predicts precipitation events. A forecast hit is when the model correctly forecasts one
or more events within the specified neighborhood. A forecast miss is when the model has no
events in the neighborhood, while the observations have one or more events in the
neighborhood. A false alarm is when the forecast has one or more events in the neighborhood,
but the observations have none. And finally, a correct null is when both the forecast and
observations have no events in the neighborhood. The GSS is the proportion of hits to the sum
of hits, misses, and false alarms, accounting for hits due to chance. The equation for calculating
the GSS is given below.
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Here, a is the number of hits, b is the number of misses, and c is the number of false alarms. n
is the total number of forecasts, which includes hits, misses, false alarms, and correct nulls. ares
is the number of hits expected due to chance, and as increases when the event is observed
with greater frequency. In other words, if the event is more common, then a forecast event will
be correct by chance more often. The GSS, often used for verification of precipitation forecasts,
varies between -1/3 and 1, with a larger GSS indicating better performance.

2.1.3.1.2 Fractions Skill Score

The Fractions Skill Score (FSS; Roberts and Lean, 2008) is another Eulerian verification metric,
one that looks at fractional event coverage. Instead of hits, misses, and false alarms, FSS looks
at the degree of agreement between the fractional coverage of observed events f, and the
fractional coverage of forecast events, f;, within a neighborhood. Figure 2-4 shows an example
of fractional coverage for hypothetical observation and forecast grids.
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Figure 2-4 Comparison of Event Coverage (Shaded Gray) for a Hypothetical
Observation (Left) and Forecast (Right). In This Example Forecast Events
are Displaced to the Southeast of the Observations, but Still Reside in the
Same Circular Neighborhood of Specified Radius 7he fractional coverage
for observations, f,, is 13/45 (.289), and the fractional coverage for the
forecast, fr, is 14/45 (.311).



In our example, the forecast events are too far east and south, but are still in the same
neighborhood as the central grid cell. At the grid scale, there is no overlap between the
observed and forecast events, but the fraction coverage error would be very low because the
displacement error is smaller than the neighborhood size. As the FSS metric applied here, we
utilize the squared fractional coverage error.

FSS is the mean squared error (MSE) of fractional event coverage normalized by the MSE of
the worst-possible forecast and subtracted from 1.

(f-f)
Fractions skill score (FSS): 1 - ———
ff2+ foz

The mean is taken over all grid cells and events for a specific neighborhood size (see Figure
2-4). FSS can be as low as 0, for the worst-possible forecast, and as high as 1, for a perfect
forecast. FSS is a function of the neighborhood size. As the neighborhood gets larger, the FSS
increases.

It is easy to be better than the worst possible forecast, so a couple of reference values for FSS
are used in the literature (e.g., Roberts and Lean 2008). One reference score is the FSS from a
random dichotomous forecast, denoted FSSrandom. FSSrandom is €qual to the observed base rate
(i.e., the climatological occurrence frequency of events above the threshold). The other
reference score, often used as a benchmark for FSS, is the uniform fraction forecast (UFSS).
Once the FSS surpasses the UFSS, the forecast is said to be useful. The scale at which the
FSS surpasses the UFSS is termed scalemin. This represents the smallest scale over which the
forecast output contains useful information (Roberts and Lean 2008).

The FSS is similar to the GSS in several ways. Both can provide skill assessments that vary
with precipitation threshold and neighborhood size (i.e., displacement of event areas). The big
difference is that the GSS is based on a binary event coverage threshold. The number of events
in the neighborhood is either below or above a certain value. For our GSS calculations, we use
a threshold of one event. In other words, for GSS, we treat one event in the neighborhood the
same as multiple events. FSS is more nuanced, quantifying differences in fractional event
coverage.

2.1.3.2 Lagrangian Framework— Storms as Objects

In this study, we also use a Lagrangian framework for model evaluation. This means that we
identify large-scale, coherent, hourly precipitation areas and follow them over space and time.
The tracking method is similar to the method used in previous studies such as Clark et al.
(2014) and Prein et al. (2017, 2020), practiced as follows.

First, we apply a spatiotemporal smoothing to hourly precipitation accumulations by using a
Gaussian filter with a standard deviation of 3 in the spatial dimension and 1.5 in the temporal
dimension. This is done to remove small-scale patterns (e.g., small precipitating cells, radar
artifacts) from the analysis. A precipitation threshold of 5 mm h-! (0.2 in h-?) is applied to the
smoothed precipitation data to remove weak precipitation areas. Areas with greater than 5 mm
h-1 (0.2 in h-1) precipitation rates are used to mask the original hourly precipitation rates. All grid
cells with smaller 5 mm h-* (0.2 in h-?) are set to zero.



Grid cells that are connected (adjacent cells and diagonal cells) in space and time are identified
and labeled as coherent objects. Since we are interested in heavy precipitating storms, we
remove all small objects that have a spatial coverage of less than 3,000 cells (approximately
54x54 cell areas). Note that this might also remove stationary single-cell thunderstorms that can
produce flash floods in small catchments, which are not the focus of this study. We use these
objects to calculate storm characteristics such as translational speed, size, mean and maximum
precipitation rates, and total precipitation accumulation.

An example of tracking contiguous precipitation areas is shown in Figure 2-6 for the case of the
West Virginia flood event on June 23, 2016. This was produced by a long-lasting mesoscale
convective system that developed along a north-west to south-east oriented frontal zone. The
system became stationary (track in Figure 2-6a,b) in West Virginia causing heavy rainfall over
most of the state’s mountainous area for a number of hours. The severity of the event resulted
from a combination of high rainfall rates, long rain duration, large spatial coverage, and
orographic enhancement.

We use the Stage IV analyses as ground truth because they have high spatiotemporal
resolution and cover the entire modeling period. The other observational and modeling datasets
will be compared to these analyses.

We consult daily Stage IV precipitation on days with modeling output to identify the heaviest

precipitation events in each of our regions (Figure 2-5). The only exception is with the MPEX
simulations, which are evaluated over their entire model domain (mostly the South and Mid-

CONUS regions; see Figure 2-1), since the MPEX output only covers a single month in 2013
and has a smaller domain than the other collections.

We have only considered events if they dominated the areas of precipitation accumulation on
the day of occurrence (i.e., they resulted in the highest daily rainfall accumulation in the given
region).

Table 2-3 presents an overview of the number of heavy precipitation events in each region and
their occurrence in the observational and model datasets used. We have only considered
events if they dominated the areas of precipitation accumulation on the day of occurrence (i.e.,
they resulted in the highest daily rainfall accumulation in the given region).
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Table 2-3

Region

count

Grid
spacing
(km/mi)
South

Mid-
CONUS

East
Coast

Appalac
hians

MPEX

Number of Heavy Precipitation Events per Region and Their Counts, per the
Given Observational and Model Datasets T7The first number refers to the

number of events and the second to the total number of ensemble members
in the case of GMET and the simulations.

Event

11

STAGE
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4/2.5
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After selecting the events based on Stage IV observations, we conservatively regridded the
other observational datasets and the simulations to the Stage IV grid. This means the 1-km (0.6
mi) simulation output was interpolated to a 4-km grid (2.5 mi), which means that the potential
added value of 1-km simulations on scales smaller than 4 km (2.5 mi) cannot be assessed.
However, assessing the skill on such small scales is most difficult anyway since observational
datasets have large uncertainties on such small scales.

The precipitation tracking algorithm is applied to the regridded hourly precipitation of MRMS and
the WRF simulations using the same setup used for tracking storms in the Stage IV dataset.
The event precipitation in the daily precipitation datasets is derived by using the extent of the
tracked storm from Stage IV as a mask (i.e., colored area in Figure 2-6b), setting all grid cells
outside the storm area to zero value.

c) 3D visualization
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Figure 2-6 Tracking of Hourly Stage IV Precipitation Fields During the West Virginia
Flood Event on June 23, 2016 a) Hourly precipitation fields at 3, 5, and 9
hours after storm detection are shown (in increasing transparency). The
perimeter of the identified precipitation object is shown in black solid
conftours, and the storm-track is the black dashed line. b) Event total
precipitation (shaded, scale at bottom) and storm track (dashed line). c) 3D
visualization of the hourly outlines of the tracked storm; the time axis is in
the vertical.

Deriving the translational speed of the tracked storm is complicated since we only have hourly
precipitation accumulations from which to define the storm region, with the result that there can
be substantial variations in hourly movement due to changes in the storm morphology (e.g., a
disappearance of a storm component that appears to move away from the main storm). To
improve the reliability of the storm speed calculation, we use three approaches and average
their results: 1) speed calculated via the change in position of the center of mass of the hourly
precipitation objects; 2) differences reflecting the maximization of the pattern correlation
coefficient by spatially shifting the hourly precipitation patterns of two adjacent hours, with a
speed corresponding to the amount of shift necessary to optimize the correlation; and 3) as in
2), but minimizing the root-mean-square error, instead of maximizing the pattern correlation.

The following storm characteristics are evaluated within the Lagrangian evaluation framework.
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e Track: The distance between the track of the observed and simulated precipitation areas
allows assessment of the skill in precipitation location.

e Movement: The evaluation of the movement of an area of precipitation allows one to
assess if CP models can simulate stalling systems. Accurately forecasting the translation
and speed of the areas is challenging since these reflect not only the synoptic wind field
at mid-levels, but also mesoscale storm dynamics (e.g., cold-pool dynamics) and
microphysical processes.

e Size: Evaluating the size of heavy precipitation areas (e.g., area of hourly precipitation
>5 mm/0.2 in) allows one to assess the potential impact of the rain, which involves
catchment characteristics.

e Precipitation volume: Correctly simulating the precipitation volume of an event is
important since it is proportional to the potential runoff in a catchment. Predicting
precipitation volumes requires skill in simulating precipitation rates and spatial extents.

e Peak accumulation: Peak accumulation is the maximum precipitation depth generated
in an event. Accurately simulating the peak accumulation requires capturing the
precipitating area’s intensity and movement.

e Spatial similarity: Spatial correlation coefficients can be used to assess the quality of
simulating event accumulation fields. Displacements of these simulated precipitation
fields will be applied to determine the maximum possible spatial correlation. As spatial
correlation coefficients are independent of mean biases in precipitation intensities, one
can assess the fidelity of the simulated precipitation patterns.

These characteristics are calculated for all selected storms in each region. The presented model
evaluation overview plots highlight the skill of CP models in capturing these characteristics in an
ensemble framework. Forecasts found to have particularly low skill are analyzed in more detail
to determine the reasons for performance deficits and the areas for model improvement.

2.1.4 Model Uncertainty Assessment

There are numerous sources of error in the model predictions of any given case, leading to
uncertainty in the forecast output. These include the specifics of the model configuration and the
initial conditions.

The grid spacing chosen in convection-permitting model configurations can have a pronounced
impact on the simulation of intense precipitation (see, e.g., Schwartz et al. 2009). While
progressively decreasing model grid spacing may better capture the regional atmospheric
processes, it can also impact the simulated precipitation amounts. In this work, we will evaluate
the accuracy of simulations of events where grid sizes are 3 km (1.8 mi) and 1 km (0.6 mi).

Another source of model uncertainty addressed is that of initial conditions. Thus, we use
ensemble forecasts with perturbed initial conditions and assess their spread.

Furthermore, we also recognize that uncertainties in the evaluation of model results can stem
from errors in the observations used for verification. That is, it is possible that error may be
attributed to the model when in actuality it may stem from an error in the value used for the
observational “truth”.

Table 2-4 presents a summary of the uncertainty sources that are analyzed. We perform an

Analysis of Variance (ANOVA) similar to Déqué et al. (2007) that provides a quantitative
estimate for the sources of uncertainty in simulating intense rainfall events. This enables
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insights into the reliability of CP simulations of heavy precipitation events in the four selected
regions and can guide how to improve the CP configurations.

Table 2-4 Uncertainty Source Analysis

Uncertainty Source Setting

Horizontal grid 3 km (1.8 mi), 1 km (0.6 mi)
spacing (Ax)

Precipitation Stage-1V (Crosson et al. 1996, Fulton et al. 1998), Mosaic WSR-88D
observations (Zhang and Gourley 2018), PRISM (Daly et al. 1994, 2002, 2008),
Newman (Newman et al 2015)

Initial Conditions Ensemble datasets to be used reflect initial condition perturbations

2.1.5 Observational Datasets

In this study, we have combined four observational datasets and three kilometer-scale model
ensemble datasets. The observational datasets are not independent, as they all are based on a
set of common precipitation gauge observations. Table 2-5 provides a summary of the key
characteristics of these datasets.

2151 STAGE IV

The Stage IV dataset is a multi-sensor analysis product that provides hourly precipitation rates
over the CONUS from 2001—present on a 4-km grid (2.5 mi; Crosson et al. 1996; Fulton et al.
1998). In the Stage IV product, two data sources are merged: 1) ~3,000 automated, hourly rain-
gauge observations; and 2) radar estimates of hourly precipitation from the Next Generation
Weather Radar (NEXRAD) system (Heiss et al. 1990). The latter estimates are derived from the
Weather Surveillance Radar 1988 Doppler (WSR-88D) Radar Product Generator (Fulton et al.
1998), which creates a 131x131 grid with 4-km (2.5 mi) spacing centered on each radar
location. The processed precipitation estimates going into the Stage |V dataset are bias-
corrected and merged into regional values by the National Weather Service’s River Forecast
Centers on a 4-km (2.5 mi) CONUS-wide grid.
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Table 2-5 Overview of Observational and Model Datasets Used in Analyses. AX
Denotes the Grid Spacing of the Dataset and At the Temporal Resolution

Data Period Ax/At E_nsemble Sourc Reference
Name size e
Stage 2001- 4 km deterministic 159 stations, Crosson et al. (1996);
Y present 2.5 mi/ radar ~3,000 Fulton et al. (1998)
hourly gauges
MRMS  2014- 1 km deterministic 180 radar stations, Zhang et al. (2011)
present 0.6 gauges, NWP,
mi/2.5 lightning, satellite
min.
PRISM  1982- 4 km deterministic 13,000 gauges and Daly et al. (1994, 2002,
present 2.5 mi/ radar after 2002 2008)
daily
GMET  1980- 12km7 100 12,000 gauges Newman et al. (2015)
2016 mi/ dailly members
NCAR  4/7/15—- 3 km 10 members WRF Schwartz (2014);
Ensem  12/30/ 1.8 mi/ Schwartz et al.
ble 2017 hourly (2015a,b); Romine et al.
(2014)
NCAR 5/15/ 3 km 30 members WRF Schwartz et al. (2017)
MPEX 2013- 1.8mi& at3kmé&10
6/15/ 1 km members at
2013 0.6 mi/ 1km
hourly
NCAR 497 3 km deterministic  WRF Sobash et al. (2019);
1.8mi &
SCS cases 1 km Schwartz and Sobash
2010- 0.6 mi/ (2019)
2017 hourly

2.1.5.2 MULTI-RADAR/MULTI-SENSOR (MRMS)

The MRMS dataset is generated at the National Centers for Environmental Prediction (NCEP)
and merges the output from 180 weather radars over CONUS and Canada into a 1-km (0.6 mi)
3D radar mosaic (Zhang et al. 2016). This mosaic is combined with a range of other
observations such as satellite data, lightning observations, precipitation gauge data, and high-
resolution numerical weather forecasts to produce a quantitative precipitation estimate (QPE,
Zhang et al. 2011). The QPE product is provided on a national 1-km grid (0.6 mi) every 2.5
minutes.

2153 PRISM

The PRISM Climate Group at Oregon State University generates a daily 4-km (2.5 mi) gridded
precipitation estimate for the CONUS that covers the period 1982—present (Daly et al. 1994,
2002, 2008). The PRISM analysis includes measurements from nearly 13,000 quality-controlled
precipitation gauges. PRISM uses a digital elevation model to estimate climate-elevation
regressions for each grid cell, with stations being weighted according to their location, coastal
proximity, and elevation. Local data and expert knowledge are also incorporated into the
gridded product. Additionally, the daily precipitation estimates have taken radar measurements
into account since 1 January 2002. The resulting precipitation estimates are very similar to daily
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precipitation estimates from Stage IV in the eastern CONUS. The daily accumulation period
used in PRISM is 1200 UTC-1200 UTC (e.g., 7 AM—7 AM EST), and this definition will be used
for daily precipitation analysis throughout this report.

2.1.54 GRIDDED METEOROLOGICAL ENSEMBLE TOOL (GMET)

The GMET dataset (Newman et al. 2015) combines precipitation observations from ~12,000
gauges across the CONUS and adjacent watersheds in Canada and Mexico. GMET covers the
period 1980-2016 and provides daily precipitation estimates on a ~12-km grid (7 mi). The
unique aspect of this dataset is that it is probabilistic, based on a 100-member ensemble that is
generated following the method of Clark and Slater (2006).

2.1.6 Model Datasets

We take advantage of three existing convection-permitting model forecast datasets that provide
a total of 10,570 simulations reflecting 3-km horizontal grid spacing (1.8 mi) and 810 reflecting
1-km horizontal grid spacing (0.6 mi).

2.1.6.1 NCAR MPEX ENSEMBLE

In support of the Mesoscale Prediction Experiment (MPEX; Weisman et al. 2015) of May—June
2013, the National Center for Atmospheric Research (NCAR) produced real-time, 48-h, 30-
member ensemble forecasts initiated at 0000 UTC daily with a 3-km (1.8 mi) grid covering two-
thirds of the CONUS and running Version 3.3.1 of the Weather Research and Forecasting
Model (hereafter WRF) (Skamarock et al. 2008; Powers et al. 2017). Schwartz et al. (2015a)
provide a complete description of the forecasts and evaluation statistics, and the physical
parameterizations used for these forecasts are noted in Table 2-6. Note that no cumulus
parameterization was used in the 3-km forecasts, considered convection-permitting.

To assess whether decreasing horizontal grid spacing could improve the MPEX forecasts, 10-
member ensemble forecasts with 1-km (0.6 mi) horizontal grid spacing were retrospectively
produced over the MPEX period. Schwartz et al. (2017) describe this and found that 1-km
forecasts of hourly-accumulated precipitation were typically better than corresponding 3-km
forecasts. Both the real-time 3-km and retrospective 1-km forecasts were initialized from a 15-
km (9 mi) continuously-cycling, 50-member ensemble Kalman filter (EnKF) data assimilation
system, where initial conditions for the 3- and 1-km forecasts were obtained by downscaling 15-
km (9 mi) EnKF analyses.

2-16



Table 2-6 WRF Physical Process Schemes for the 3-km MPEX Forecasts

Physical Process WRF Process Scheme References

Microphysics Thompson Thompson et al. (2008)
Longwave and Rapid Radiative Transfer Model Mlawer et al. (1997); lacono et
shortwave radiation for Global Climate Models al. (2008); Tegen et al. (1997)

(RRTMG) (including ozone and
aerosol climatologies)

Planetary boundary Mellor-Yamada—Janji¢ (MYJ) Mellor and Yamada (1982);
layer Janji¢ (1994, 2002)
Land surface model Noah Chen and Dudhia (2001)

2.1.6.2 NCAR REAL-TIME ENSEMBLE

Based on the success of its MPEX forecasts, NCAR embarked on a longer-term forecast
demonstration and produced real-time, 0000 UTC-initialized, 48-h, 10-member ensemble
forecasts with 3-km (1.8 mi) horizontal grid spacing across the entire CONUS from 7 April
2015-30 December 2017 (Schwartz et al. 2015b, 2019). These ran WRF Version 3.6.1,
employed identical physics to the MPEX runs, and were also initialized by downscaling 15-km
EnKF (9 mi) analysis ensembles. These forecasts were skillful, valuable, and widely adopted by
both the forecasting and research communities (Schwartz et al. 2019).

2.1.6.3 NCAR SCS DETERMINISTIC FORECASTS

While the MPEX ensemble dataset is useful for examining the sensitivity of warm-season
precipitation forecast skill when horizontal grid spacing is reduced from 3to 1 km (1.8 mito 0.6
mi), NCAR also produced a larger set of 3- and 1-km WRF deterministic forecasts to examine
model skill across a more diverse collection of severe convective storm (SCS) events, including
cool-season severe weather events. This SCS dataset consists of 497 3- and 1-km forecasts for
select events occurring between 2010-2017. Sobash et al. (2019) present specifics of the event
selection, which is mostly based on the occurrence of multiple severe storm reports (e.g.,
tornadoes, hail, or intense wind gusts) across the central and eastern CONUS. For these runs
the WRF configuration was similar to that of the NCAR real-time ensemble runs, including a full-
CONUS computational domain, 0000 UTC initializations, 36-h integration length, and a similar
set of physics schemes. In contrast, however, the SCS runs were deterministic forecasts
employing initial and boundary conditions derived from NCEP Global Forecasting System (GFS)
runs (.5 deg lat/lon grid).

2.2 Simulating Heavy Precipitation Events with Convection-Permitting Models

The Eulerian and Lagrangian model evaluations are summarized in this section. Starting with
the Eulerian evaluation, we first show results based on the GSS and FSS analyses. The
Lagrangian evaluation results are structured in four parts. The overall skill of all kilometer-scale
simulations is first assessed and compared to observational uncertainties, and then the
dependency of model skill on the seasonality of events is analyzed. We close with an
assessment of the differences between the 3-km and 1-km simulations.
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2.2.1 Eulerian Model Evaluation

2211 Gilbert Skill Score Analysis
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Figure 2-7 GSS for 5 Different Regions The colors indicate different precipitation
thresholds, and the line types denote the 1-km and 3-km models. The
shaded bands are the 99% confidence intervals.

It is a characteristic of the GSS that it typically increases as the verification neighborhood is
enlarged. In Figure 2-7 we see that for our datasets the 1 mm/day (0.04 in/day) threshold (blue
GSS lines) is always above the 50 mm/day (2 in/day) threshold (green). These thresholds’
scores mostly straddle the 20 mm/day threshold (orange), but for the neighborhoods larger than
150 km (90 mi), the 1 mm/day GSS values level off or decreases, while the 20-mm/day (0.8
in/day) values approach the 1 mm (0.04 in) line. The 99% confidence intervals are wider for 1-
km runs because there are fewer of them.

1-km and 3-km GSS confidence intervals typically overlap, indicating no statistical difference
between the GSS values of the two sets of simulations. Where the bands don't overlap,
however, the 1-km line is slightly higher. The greatest superiority of the 1-km forecast is seen in
the Mid-CONUS for the 20 mm/day (0.8 in/day) threshold. The 1-km simulations are only slightly
better for the 20 mm (0.8 in/day) and 50 mm (2 in/day) thresholds in the Appalachian region
despite the improved representation of topography in this region. The reason for the minor
improvement is not fully understood, but could be related to limitations in observing local
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precipitation patterns in mountainous regions or an already adequate representation of the
orographic features at 3-km spacing.

2212 Fractions Skill Score Analysis
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Figure 2-8 FSS Results for the NCAR Ensemble A// curves reflect 3-km forecasts. The
colors signify the precipitation threshold, ranging from 1 mm/day (0.04
in/day; blue) to 50 mm/day (2 in/day; green). The thick, solid line is the FSS,
while the dashed line and thin lines show reference scores. The dashed line
is the Uniform Fractions Skill Score (UFSS), a reference score explained
earlierin 2.1.3.1.2, and the thinnest line is the FSS of a random binary
forecast. The scalemin parameter for the 50 mm/day (2 in/day) threshold is
labeled and shown with a green dotted vertical line.

Figure 2-8 shows the FSS for the NCAR Ensemble for four regions. The only significant
difference between regions is seen in the 1-mm/day and 20-mm/day thresholds. For these low
and moderate thresholds, the Appalachian and East Coast regions have higher FSS values
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than the South and Mid-CONUS regions. The 50-mm/day threshold scores are similar across
the four regions.

As explained earlier, the neighborhood size where the FSS matches the UFSS can be thought
of as the minimum scale for which the forecast provides useful information. As the precipitation
thresholds get higher, the scalemin gets larger. For any threshold, one should be cautious about
believing any forecast precipitation events with spatial scales smaller than scalemin. For the 50-
mm/day threshold, scalemin is 150 km (90 mi) for the South, 200 km (124 mi) for the Mid-
CONUS, 200 km (124 mi) for the Appalachians, and 150 km (90 mi) for the East Coast.
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Figure 2-9 FSS Results from the NCAR MPEX Forecasts The colors signify the
precipitation threshold; the solid and dashed lines differentiate the 3-km
(solid) and 1-km (dashed) forecasts, and the thinner lines show reference
scores. The thickest line is the FSS. The medium-width line is the Uniform
Fractions Skill Score, explained earlier in Section 2.1.3.1.2, and the thinnest
line is the FSS of a random binary forecast. The scalemin parameter for the
50 mm/day (2 in/day) threshold is labeled in green and the 20 mm/day (0.8
in/day) parameters for the 1-km and 3-km runs are shown in orange dashed
and solid vertical lines correspondingly.

For NCAR MPEX runs, the 50 mm/day (2 in/day) FSS never surpasses UFSS in the displayed
range of spatial scales (Figure 2-9). In other words, scalemin is greater than 250 km (155 mi). For
20 mm/day (0.8 in/day), scalemin is 75 to 90 km (47 to 56 mi), depending on the model
resolution. The 1-km runs are always slightly better than the 3-km runs, but not by much.

For the NCAR SCS cases, the FSS progression is similar to that from the other datasets, but
there are some differences, especially in the East Coast region (Figure 2-10). For example, the
50-mm/day FSS is particularly low on the East Coast. As with MPEX, FSS never reaches UFSS
at this threshold and domain, but the low and moderate thresholds are reasonable. This results
in greater separation between the FSS values for the thresholds in the East Coast than any
other domain. Conversely, there is less separation between the thresholds in the South. There,
the 50-mm/day FSS is the highest of all four regions. As with MPEX, the SCS 1-km runs are
slightly better than the 3-km runs.
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Figure 2-10 FSS Results from NCAR Severe Convective Storm Forecasts Line types,
color convention, and thresholds as in the previous two figures.

2.2.2 Lagrangian Model Evaluation
2221 Peak Precipitation Displacement

The station-based daily precipitation datasets show a small (~8 km/5 mi) eastward shift in the
peak precipitation location of heavy events in the South when compared to the Stage IV data
(Figure 2-11a). The median meridional location agrees very well between the observation
datasets, however. The interquartile spread is approximately ~20 km (12 mi) in the zonal and
meridional directions. While peak median accumulations in the simulations are shifted
southward slightly (i.e., ~8 km/5 mi), the zonal location is centered well. The interquartile spread
is ~40 km (24 mi) and is thereby twice as large as in the observations.

While the simulated median peak location is similarly well-captured in the Mid-CONUS region,

the probability density function (PDF) is skewed towards the east. The same skew is seen in the
daily observations, and while the zonal interquartile range is smaller in the observations, the
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10th—90th percentile range is not. The zonal elongation of the two-dimensional PDF is likely
related to the predominant eastward storm movement (i.e., reflecting prevailing mid-
tropospheric westerly flow) in the Mid-CONUS.

The largest spread in simulated peak locations is found in the MPEX ensemble (Figure 2-11c).
The reason for this is unclear, but it might be related to the short period considered (one month),
resulting in the inclusion of events with peak accumulations that are modest compared to many
of the events included in the South and Mid-CONUS analyses. We will investigate the
dependence of model skill on event rarity below.

The largest observational uncertainties in the peak location are found in the Appalachian region
(Figure 2-11d). The PDF from daily precipitation observations is heavily skewed towards the
northeast, which is likely related to the generally northeastward orientation of the mountains
chain. Surprisingly, the simulations have smaller uncertainties than the daily observations,
which highlights the significant challenges in observing precipitation and the high-quality of
kilometer-scale models in mountainous regions.
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Figure 2-11 Displacement Error of Observed (Gray Shading) and Simulated (Blue
Contours) Peak Precipitation Location Compared to Stage IV
Observations A/l datasets have been coarsened to a 20-km grid (12 mi) to
remove small-scale noise. The contours show the 50, 25-75, and 10-90
percentile ranges (from dark to light). The 25-75 percent area, for example,
contains 50% of all data points. Box-whisker statistics show the distribution
of longitude and latitude displacement errors for the observations (gray
shading) and simulations (blue contours).
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Observational and simulated uncertainties are of similar magnitude in the East Coast region
(Figure 2-11e). Displacements in the meridional direction are approximately half those in the
zonal direction, likely related to the predominant direction of storm movements.

2.2.2.2 Event Characteristic Evaluation

Simulating the characteristics of heavy rainfall events demands capturing event characteristics
such as rain location, system translational speed, areal coverage, and intensity. We find that the
various WRF simulations can capture the median speed of heavy rainfall storms in alll
subregions as well as the MRMS observations when compared to Stage IV data (Figure 2-12a).
The main difference between the MRMS and the modeled speeds is that the latter have a
greater spread. In the case of MRMS, speed variation reflects case-to-case variability, while the
spread in the simulations includes the influence of initial condition uncertainty, which partly
explains the larger magnitude. This larger spread is to be expected and is a common feature in
the model storm characteristics (Figure 2-12a—f) and will, therefore, not be detailed further.

Differences in the median size of the hourly precipitation areas are similar between the MRMS
and model datasets, except for the Appalachian region, where model precipitation areas are too
small (Figure 2-12b). Mean hourly precipitation rates are also well captured in the simulations,
except for the East Coast, where the model overproduces precipitation by about 5 % (Figure
2-12c). A similarly good performance is seen for the median 99th percentile of hourly
precipitation (Figure 2-12d). The simulations agree very well with the MRMS observations, while
they do not produce the larger intensities seen in the Stage IV data in the Mid-CONUS and
Appalachian regions. The largest simulation biases, of about 15 %, are found in East Coast
events.

For daily precipitation characteristics such as the 99th percentile event accumulation and the
event volume, we can add the daily observational datasets to the analysis (Figure 2-12¢). The
median 99th percentile total event accumulation is underestimated in the simulations in most
regions (cf., the East Coast), and this is most pronounced in the South (-30%). Event peak
accumulation is difficult to simulate since it is an aggregated measure and depends on the
correct simulation of precipitation rates, event size, and system movement. In the South, the
underrepresentation of event size seems to be the dominant reason for the underestimation of
peak accumulations, since the system speed and mean and extreme hourly amounts are all well
simulated, while underestimated precipitation rates are also seen in the Mid-CONUS, MPEX,
and Appalachian regions. The modeled small size of East Coast storms is offset by over-
forecasted precipitation rates, resulting in similar peak accumulations. The MPEX
accumulations are similar to those in Stage IV except in the South and Mid-CONUS regions,
where peak accumulations are ~10% lower in the MPEX runs. The GMET dataset has
significantly smaller median peak accumulations (-30% to -50%) than Stage IV.

Event total precipitation volume is well-simulated in the South, MPEX, and East Coast (Figure
2-12f) regions, while it is systematically underestimated in the Mid-CONUS (18%) and the
Appalachians (27%). This underestimation is primarily a consequence of the sizes of the
modeled precipitation areas in these regions being too small. The MRMS data has ~10% lower
event precipitation volumes than the Stage IV data, except for East Coast storms. And, the
GMET dataset has precipitation volumes that are below those of Stage IV in all regions, with the
largest deviations in the South and MPEX regions.
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Figure 2-12 Box-Whisker Plots of Differences in Heavy Precipitation Events Compared
to Stage IV Observations. Differences in Hourly Precipitation Statistics: (a)
Storm Translational Speed; (b) Precipitation Area; (c) Mean Precipitation;
and (d) 99th Percentile Precipitation. (e) Daily Accumulated Differences for
99th Percentile Precipitation. (f) Storm Precipitation Volume Each panel
shows the statistics for the five sub-regions. Differences are shown for all
available simulations and observations (MRMS for hourly precipitation;
MRMS and gage-based for daily precipitation).

Observing and simulating event total peak accumulations is challenging, and we are interested
in how observational uncertainties and model differences change, depending on the spatial
scale. Therefore, we coarsen the datasets to increasing larger scales, comparing event peak
accumulations to Stage IV observations (Figure 2-13). In general, observational uncertainties
and model differences decrease on larger spatial scales. In the South region (Figure 2-13a) the
MRMS data has systematically 10% lower peak accumulations than the Stage IV data. Peak
accumulations in both the daily observations and the simulations become similar to those in
MRMS for 1,600 km? areas (618 mi?; i.e., 40x40-km boxes). Similar behavior is visible for the
Mid-CONUS, MPEX, and Appalachian regions, while differences in East Coast region storms
are small even on local scales.
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Table 2-7 Summary of Average Differences Between Simulated (Sim) and MRMS Event
Characteristics (Rows) Compared to The Stage IV Dataset Shown are
median (med.) differences and the interquartile range (IQR) of ensemble
spread (i.e., the box length in Figure 2-12) for all five subregions in columns.
Note that no MRMS observations are available during the MPEX simulation
period. P99 denofes the 99 percentile.

Appalach-

East Coast

Sim -0.5 13.6 2.8 174 | 0.8 151 | 24 219 | -0.7 12.9

Speed [km/h]
MRMS| 1 4.9 0.8 9.9 / / -0.1 712 |05 1.23

Sim -10.3 63.9 -13.3 94.1 4.6 100.3 | -27.0 814 | -6.4 96.3
Size [%]
MRMS| -10.1 16.3 -11.0 13.2 / / -3.6 17.3 | 6.4 16.8

Mean hourly Sim 0.6 15.4 -33 98 -21 114 | 171 106 |57 18.2
PR [%]

MRMS 29 51 |04 52 |/ / 16 865|-03 39
poohoury SIM |08 364 |92 248 |51 256 | 881 336|150 373
PR [%] MRMS| 09 192 |-671 155 |/ / 71 259 |23 118

P99 event Sim -29.1  46.9 -215 535 |-11.9 405 | -231 466 | 7.1 58.2
accumulation

[%] MRMS| 9.8 127 |-637 132 |/ / 22 194 |45 208
Sim |-44 678 |-183 958 |33 986 |-27.0 867 |45 914
Event
(0]
volume [%] \ioms| -121 197 | 117 188 |/ / 68 274020 209

Table 2-7 shows the differences of simulated and MRMS storm characteristics compared to
Stage IV observations presented in Figure 2-12. The mean differences between MRMS and
Stage IV in combination with the interquartile range (IQR) of differences can be used in flood
risk assessment as stochastic error terms that characterize observational uncertainties. The
mean difference between simulations and Stage IV reveals systematic model biases that have
to be corrected before model data can be used in flood risk assessments if the differences are
larger than the observational uncertainties. The simulated IQR is a representation of the range
of plausible storm characteristics that might have happened. For instance, an observed heavy
precipitation event could have been weaker or stronger due to the chaotic nature of the
atmosphere. This range can be used in probabilistic flood risk assessments to construct
precipitation fields that represent plausible realizations of historic heavy precipitation events.
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Figure 2-13 Differences in Daily Event Total Peak Precipitation Between the MRMS
Dataset (Black), Daily Observations (Red), WRF Simulations (Blue), and
Stage IV Data, Dependent on Precipitation Area The precipitation area is
calculated by regridding the 4-km datasets fo coarser spacings. Thick lines
show the ensemble average, and filled contours show the interquartile
range.

As previously discussed, orographic enhancement of precipitation can be a key process in
heavy precipitation events. Therefore, we show the difference in daily event precipitation
dependent on surface height above sea level (Figure 2-14). Note that in some areas, such as
the South and Mid-CONUS, this might correspond more to a regionally dependent bias than to
an orographic precipitation bias, since high elevation areas in those regions are in the west with
generally gradual slopes towards the east. All datasets agree well below 700 m in the South, but
in high elevation areas the daily observations and simulations have significantly higher
precipitation accumulations than the Stage IV data (Figure 2-14a). The observational datasets
also agree well with the Mid-CONUS region and MPEX results, except for GMET, which
displays a significant low bias at high elevations, particularly in the Mid-CONUS region. Stage IV
and the simulations agree remarkably well in the Appalachian region across all elevation levels,
while the GMET dataset underestimates event mean precipitation at low levels and
overestimates it at high levels (Figure 2-14d). Simulated precipitation in the East Coast region is
overestimated between an elevation of 300 m and 900 m, but agrees very well with Stage 1V
and MRMS data below 200 m.
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Figure 2-14 Elevation-Dependent Difference Between MRMS Data (Black), Daily
Observations (Red), and the 3-km and 1-km WRF Simulations Compared to
Stage IV for Heavy Precipitation Events in the Five Sub-Regions Thick lines
show the ensemble medians, and conftours show the interquartile spread.
Results are only shown for ensemble sizes of 20 or larger. The elevation bin
size is 40 m.

2.2.2.3 Model Skill Dependence on Seasonality and Event Intensity

The previous section focused on mean differences, averaged over all events in a region.
However, model skill within a region might depend on seasonality and the rarity of an event,
thus that is our focus here.

Differences in the 99th percentile event peak accumulation show complex dependencies on the
rarity of events, but skill generally does not deteriorate (i.e., events with higher 99th percentile
event peak accumulations in the Stage IV dataset are similarly well simulated than less heavy
events: Figure 2-15a). Similarly, there is no clear dependency when using event precipitation
volume as a measure for rarity (Figure 2-15b). Mean differences increase at larger precipitating
volumes, especially in the Mid-CONUS region, although uncertainties in this estimate are large.
The displacement error of the location of the 99th percentile precipitation shows only a weak
dependency on the storm’s precipitation volume (Figure 2-15c¢). However, there is a tendency
towards smaller location biases in the South and larger biases in the Mid-CONUS as event
rarity increases.
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Figure 2-15 Dependence of 3-km Ensemble Skill in Simulating Event Precipitation
Accumulations: (a) Peak Accumulation; (b) Total Event Volume; and (c),
Displacement of Peak Accumulation Location Differences based on
comparisons to Stage IV data. Bold lines show the ensemble average.
Contours show the 10-90th percentile spread of 1,000 random bootstrap
samples from all 3-km simulations in a region. Dots show the Stage IV 99th
percentile accumulation (a) and volume (b,c) of each event. Data is only
shown for areas with four events or more. Savitzky-Golay linear filter with a
window length of 20% of the data range applied.

The precipitation accumulation differences for event 99th percentiles are largest in middle to late
summer and smaller in late spring and fall in the South region (Figure 2-16a). This is different
from in the Mid-CONUS region, where late spring and early summer biases are largest. The
event sample size is too small and the heavy precipitation events are too seasonal to analyze
the seasonal dependence of model differences in the other regions. Biases in simulated
precipitation volumes show similar patterns compared to differences in peak accumulation, with
the largest biases in early summer in the Mid-CONUS and in mid-summer in the South (Figure
2-16b). Biases in the simulation of the location of the 99th percentile accumulation are more
coherent between subregions and show the largest displacement errors in late summer and
early fall, likely due to the weak large-scale forcing during this time of year.
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2.2.2.4 Model Performance: 3-km v. 1-km

In this section, we explore how large and how systematic the differences between the 3-km and
1-km simulations are, through comparison with the Stage IV data. We are not able to show
results for the East Coast region because the sample size of 1-km simulations is too small.
Figure 2-17 shows that differences in results from the different model resolutions are small and
not significant (i.e., the interquartile range of the error distributions overlaps). Some systematic
improvements in the 1-km simulations can be seen in the South, however, where error
distributions are typically narrower (except for the hourly precipitation areas and volumes). Part
of this apparent added value might be related to the much smaller sample size of 1-km
simulations (8) compared to 3-km runs (38). Noteworthy are the differences in P99 hourly
precipitation, which are higher in the 1-km simulations in the South, but lower in the other
regions, highlighting the regional dependence on resolution differences.
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Figure 2-17 Differences in Storm Characteristics From 3-km (Blue) and 1-km (Red)
Simulations Compared to Stage IV Data (a) Differences in the peak
precipitation displacement. (b) Differences in system translational speed. (c)
Differences in average hourly precipitation area. (d) Differences in hourly
mean precipitation. (e) Differences in 99th percentile of hourly rainfall. (f)
Differences in mean precipitation averaged over terrain elevation ranges. (g)
Differences in event total P99 accumulation. (h) Differences in event total
precipitation volume. The number of 3-km and 1-km simulations and the
number of events shown (a). The notches (area where the box becomes
thinner) provide guidance concerning the significance of difference of
medians (e.g., statistically significant difference between the medians occur
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peak accumulation. b) System translational speed. c) System area/size. d)
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not have enough simulations for robust statistics. The box/whisker analysis
spread is derived from booftstrapping storm events 1000 times. The number
of 1-km and 3-km simulations and the number of events are shown in (a).

Next, we analyze the systematic differences between simulations with different grid spacings
(Figure 2-18). The differences between 3-km and 1-km grids in simulating the peak
accumulation location vary strongly by region (Figure 2-18a). In the South, the 3-km simulations
are better 60% of the time, while both grid spacings perform equally well in the Mid-CONUS and
MPEX regions. An added value of the 1-km simulations appears in the Appalachian region,
where they outperform the 3-km runs 35% of the time. The 1-km simulations better simulate the
speed of storms in the South and Mid-CONUS regions 60% and 40% of the time, respectively,
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but they perform worse in the Appalachian region 70% of the time (Figure 2-18b). The hourly
precipitation area is better simulated in the MPEX domain runs (30% of the time) and in the
Appalachian region (80 % of the time), while the mean hourly rainfall is better simulated by the
3-km simulations in the Appalachian region (80% of the time; Figure 2-18c,d) The simulation of
the 99th percentile of hourly precipitation intensities is comparable between the two model grid
spacings (Figure 2-18e). Elevation-dependent precipitation rates in the Appalachians are better
simulated in the 3-km runs, but large uncertainties exist (Figure 2-18f). The 1-km and 3-km
simulations have similar skills in simulating the 99th percentile of event peak accumulation,
except for the Appalachian region, where 3-km simulations are better 80% of the time (Figure
2-18). This is different for the metric of total precipitation volume, where the 1- km runs are
better than the 3-km simulations ~50% of the time (Figure 2-18h). The inconsistency of added
value in the 1-km simulations compared to the 3-km runs across regions and metrics is primarily
a reflection of the minor differences between the two grid spacings (see Figure 2-17).

2.3 Summary of Section 2

In this section we have analyzed the performance of three convection-permitting (CP), short-
term (12-hour to 36-hour) NWP model datasets in simulating recent heavy precipitation events
in the central and eastern United States. We use both Eulerian and Lagrangian evaluation
frameworks for a more complete understanding and for robustness in the results. The analysis
is performed over four subregions: Southern U.S., Central U.S., Eastern U.S., and
Appalachians. We use the Stage IV multi-sensor precipitation observation as the reference for
model evaluation (Crosson et al. 1996; Fulton et al. 1998) due to its high spatial and temporal
resolution (hourly, 4-km; 2.5 mi gridded information) and the observational period (2002—
present), which includes all of our simulated events. For the Lagrangian approach, we also
apply three other observational datasets offering hourly (MRMS; Zhang et al. 2016) and daily
precipitation accumulations (PRISM, Daly et al. 1994, 2002, 2008; GMET, Newman et al. 2015).
GMET is solely based on station observations, while PRISM adds radar observations, making it
more like Stage IV. The inclusion of multiple observational datasets allows us to calculate
observational uncertainties and compare them to model biases. An additional difference
between the Eulerian and Lagrangian model evaluations is that the former evaluates all
available forecasts and focuses on heavy precipitation events by using a threshold of 50 mm/d
(2 in/day), while the latter focuses on evaluating the heaviest events in a region only.

The main findings are as follows.

e CP numerical models can reliably simulate many characteristics of heavy precipitation
events across various meteorological settings. Comparison of CP model results with
Stage IV observations shows that CP models can accurately capture system speed and
mean hourly precipitation rates. However, except for the East Coast, they systematically
underestimate daily peak accumulations by 10—30% in the study region. This reflects: (i)
precipitation areal extent underestimations in the South (-15%), Mid-CONUS (-20%),
and Appalachian regions (-30%); and (ii) hourly peak rate underestimations in the Mid-
CONUS and Appalachian regions (-15%). In terms of system positioning, the median
displacement in the peak accumulation location is less than 50 km (31 mi) in all regions.
The FSS analysis in the Eulerian framework shows that the simulations have useful skill
in simulating 50 mm/h (2 in/day) rainfall events on spatial scales of 150 km (93 mi) in
most regions. The reason why the useful scale in the FSS analysis is three times larger
than the peak rainfall displacement in the Lagrangian analysis is that the FSS not only
penalizes for displacement errors, but also for magnitude errors. Additionally, the
ensemble spread is lowering the skillful scale as the ensemble mean might have zero
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location bias, but the FSS will penalize the location biases of each ensemble member.

e Viewed with respect to Stage IV observations, CP model estimates of heavy
precipitation events are better than the estimates from station-based precipitation
products (i.e., GMET) for (a) daily peak accumulations and (b) event precipitation
volumes. The differences between the two multi-sensor observation products (Stage IV
and MRMS) are mostly smaller than the differences between the Stage IV values and
the CP forecasts. This is to be expected since Stage IV and GMET use a common set of
observations, and the simulations sample a larger range of uncertainties (e.g., the
unpredictability of the atmosphere, biases in the input to the CP model, and biases in the
CP models). Differences between Stage 1V and MRMS values could be used to define
stochastic transfer functions to remove systematic biases in the CP simulations.

e CP model simulations can capture orographic gradients in heavy precipitation events
very well, and they outperform station-based observations (GMET), which typically
underrepresent precipitation at lower elevations and overrepresent precipitation at high
elevations. The models even have superior skill to the GMET dataset in their location of
peak accumulations. Lastly, simulated event total accumulations are captured well, and
they are within the uncertainty range of Stage IV and MRMS for accumulation areas
larger than ~150 km (~93 mi).

e The relationship between model skill and event intensity is complex and depends on the
region and the metric for intensity. Event peak accumulations biases tend to decrease
with the rarity of an event. This might be due to the increasing impact of large-scale
forcing in extreme cases. We find that simulated event volumes and peak location
displacement biases decrease in the South and increase in the Mid-CONUS as event
intensity increases. Model skill is also clearly dependent on the seasonality of events
with lower skill during middle and late summer and higher skill in the shoulder seasons.
Again, this is likely caused by weaker large-scale forcing in the summer, resulting in
less-predictable meteorological conditions. There are considerable uncertainties in the
magnitude of model skill dependencies on event rarity and seasonality, which could be
reduced by increasing the sample size of simulated heavy precipitation events.

e Eulerian and Lagrangian model results consistently show that there is little added value
in increasing the model grid spacing from 3 km to 1 km (1.8 mi to 0.6 mi), from the
perspective of computational cost, given that there is a ~30-fold increase in
computational resources required for the higher-resolution runs (i.e., 30 3-km
simulations can be performed for the same cost of one 1-km simulation). This is in good
agreement with previous results (Schwartz et al. 2009).

In summary, numerical weather prediction models configured with convection-permitting
resolutions can capture heavy precipitation events in the Eastern U.S. Many characteristics of
the simulated cases are verified with multi-sensor observational datasets that include radar, and
the precipitation output from CP models shows less error than precipitation estimates based on
station data. This demonstrates the potential value in incorporating CP model outputs in flood
risk assessments since current flood standards are based on station records (e.g., NOAA Atlas
14; Bonnin et al. 2004). CP models can also provide information on historic and future changes
in flood risks based on global warming projections (e.g., Prein et al. 2017). However, CP models
are not perfect and can have systematic biases, such as a potential for underestimations of
event peak accumulations of up to 30%, found here. To deal with such biases, we recommend
the application of statistical post-processing, in the short term, and further model development,
in the long term, before heavily relying on model-simulated precipitation in intense event and
flood risk assessments.
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3 A CONCEPTUAL FRAMEWORK FOR INTEGRATING RAINFALL
SIMULATIONS INTO PROBABILISTIC FLOOD HAZARD
ASSESSMENT

In this section, we build on findings from the previous sections and integrate them into a
conceptual framework for probabilistic flood hazard assessments. Section 3.1 begins with
background on rainfall-based flood frequency analysis, including traditional approaches that
utilize point-based rainfall, as well as advances using coherent spatiotemporal rainfall fields.
Section 3.2 then focuses on CPM rainfall simulations. It includes examinations of the effect of
CPM ensemble size on error and variability and the role of dynamical downscaling in developing
CPM datasets. In Section 3.3 , CPM criteria relevant to the conceptual framework are compared
and contrasted, and we offer options on how CPMs can be integrated with flood frequency
analyses. Section 3.4 concludes with overall recommendations and ideas for future work.

3.1 Rainfall-based Flood Frequency Analysis

Flood frequency analysis (FFA) is used to determine flood flows, typically a peak discharge or
volume, associated with an annual exceedance probability (AEP). For example, a “100-year
flood” has an AEP equal to 0.01. One approach to FFA is to fit a probability distribution directly
to streamflow measurements, typically the annual maxima, from existing records. However,
compared to streamflow measurements, precipitation observations are generally more
numerous and have longer records. As such, rainfall observations have been utilized for a
second approach: Rainfall-based Flood Frequency Analysis (RFA). In RFA, rainfall events are
used as inputs to a calibrated rainfall-runoff hydrologic model to simulate flood events.

Traditional approaches to RFA have used representations of rainfall that are derived from
station data, i.e., point-based observations. Given that there are very few extreme events
recorded at a particular station, nearby rainfall stations can also be used to augment a specific
site’s record; this is known as Regionalized Flood Frequency Analysis. For RFA, the key rainfall
characteristics to be considered are: (i) duration, (ii) intensity/volume, (iii) areal pattern, and (iv)
temporal pattern. A common starting point for RFA is the Design Event Approach. A design
event is statistically derived from a probability distribution fit to the intensity-duration-frequency
(IDF) of the rainfall observations. The IDF curve describes rainfall rates (or depths) in terms of
their duration and recurrence. Areal reduction factors (ARFs) are then used to convert extreme
rainfall data at a point to estimates of areal rainfall (see, e.g., Charalambous et al. 2013). To
derive a temporal pattern, rainfall can be de-aggregated in time via a hyetograph. The design
rainfall input (e.g., from a 100-year precipitation event) is run through the hydrologic model with
prescribed initial land surface conditions.

While the Design Event Approach (DEA) has been important for RFA, the assumptions required
for the DEA have been criticized (Kucera et al. 2006; Rahman et al. 2002). A major limiting
assumption is that the 100-year design precipitation event will result in a 100-year flood; in
practice, however, the results are often biased or inconsistent (Rahman et al. 2002). To
overcome the limitations of the DEA, Rahman et al. (2002) outline two alternative ways to
approach RFA: 1) the continuous simulation approach, and 2) the joint probability approach. In
the continuous simulation approach, a long period of continuous streamflows is simulated. This
can be done, for example, by forcing a hydrologic model with a complete precipitation time
series. The advantage of this is that the model is better able to capture antecedent conditions,
which are critical to flood estimation (lvancic and Shaw 2015). However, running the hydrologic



model continuously can be computationally expensive. The joint probability approach focuses
on simulating large flood events by considering probabilistic inputs and model parameters,
including their correlations. A key strategy for this is to employ the Monte Carlo (MC) simulation
method, whereby input variables and parameters are sampled and used as inputs to a
hydrologic model. This is repeated many times, resulting in many estimated flood peaks for use
in the frequency analysis. The advantage of this is that it is less computationally intensive; the
disadvantages are that it can result in unrealistic sets of input variable combinations, and it can
miss the associated antecedent conditions.

Given the straightforward nature and computational advantages of MC simulation, several
techniques have been advanced to move away from the traditional design event paradigm and
to better capture the probabilistic nature of flooding. Several studies have demonstrated how the
joint probability approach can improve upon the DEA (Rahman et al. 2002; Charalambous et al.
2013). Svensson et al. 2013 employed a Joint Probability/MC approach that run continuously,
finding that flood frequency curves are most sensitive to rainfall characteristics and time
between events. Despite subtle differences in how MC simulation has been applied to RFA, the
approaches are statistical in nature, and they require the development of probabilistic
representations of the key factors that influence runoff, such as duration and intensity/volume.
Although these are the main factors, MC approaches can be even more detailed, fitting
probabilistic representations of these variables and others (see e.g., Kottegoda et al. 2014).

Advances in radar and satellite observations, as well as numerical weather prediction, have
allowed for better spatiotemporal measurement and simulation of rainfall. Observed or
simulated precipitation fields are physically based and can be used as inputs for a distributed
hydrologic model, yielding a corresponding flood hydrograph. This circumvents several
limitations of RFA using point-based observations. For example, ARFs (areal reduction factors)
can introduce significant errors, as rainfall characteristics at a point can be very different than
those over a basin (Wright et al. 2014).

Spatiotemporal observations of precipitation extremes are often limited, motivating new
techniques for their analysis. One such method is stochastic storm transposition (SST; Wright et
al. 2020). SST develops a multi-event storm catalog, which is then resampled to generate many
realizations of heavy precipitation events that can be shifted around a given watershed or
domain. The catalog can include any type of intense episode of interest, whether from tropical
storms, organized thunderstorm systems, or orographic enhancement. The main disadvantages
of SST are that one is only resampling from a finite storm catalog and that the domain for doing
the transposition is limited (e.g., by topography; Wright et al. 2020). Wright et al. (2020)
illustrated SST in an end-to-end approach in which they first used a high-resolution,
observation-based rainfall dataset (Stage IV multi-sensor quantitative precipitation estimates) to
create an event catalog. They then drove the SST-shifted storms through a process-based
distributed hydrologic model (WRF-Hydro) to see the differences in peak discharge. Yu et al.
(2020) took the SST approach one step further, where in addition to the use of observations,
they also demonstrated the use of CPM rainfall simulations from a Regional Climate Model
(RCM). Yu et al. (2020) created a storm catalog from bias-corrected RCM output, which was
resampled using the SST approach. That catalog was then used to drive WRF-Hydro to obtain
flood quantiles for the 500-year recurrence interval. In short, CPM rainfall simulations offer a
physically based alternative to limited rainfall observations and are discussed in the next
section.
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3.2 Convection-Permitting Model (CPM) Rainfall Event Simulations

3.2.1 Model Error and Variability in the CPM Forecast Ensembles

Given the forecast improvements from CPM configurations, weather forecasting centers are
starting to apply them operationally. For short-term forecasting, the CPMs are initialized via
analyses incorporating observations and run out to several days. Datasets of prior CPM
forecasts have also been developed as resources for the weather forecast and research
communities.

In Section 2.2 , three existing CPM forecast datasets were examined: (i) the NCAR MPEX
Ensemble, (ii) the NCAR Real-Time Ensemble, and (iii) the NCAR SCS Deterministic Forecast
collection. These provide (i) 10,570 simulations reflecting 3-km horizontal grid spacing (1.8 mi)
and (ii) 810 simulations reflecting 1-km horizontal grid spacing (0.6 mi). These ensembles were
evaluated above via comparison to observations, revealing several systematic errors, as well as
substantial variability in storm characteristics within the ensembles. In this section, the effect of
ensemble size on model error and variability are examined.

“Error” here is defined as the difference between the ensemble median and the observation,
and this error is in large part due to the imperfect representation of rainfall processes in the
model. Systematic errors must be corrected before the model output can be used as input to a
flood hazard assessment (Wood et al. 2004), and statistical approaches are typically applied for
this. The spread in the ensemble forecasts is a result of differences in initial conditions that lead
to model integrations that diverge over time. Each member’s forecast can be considered a
possible outcome for an observed event. The “variability” is defined as the range of the values
spanning a mean value from the set of forecasts. The range of forecasts can be used to provide
examples of new storms or storm characteristics to augment the historical record used for the
flood hazard assessment; Section 3.3 discusses this.

3.2.1.1 Effect of Ensemble Size on Model Error and Variability

To robustly assess the magnitude of the systematic model errors, we have examined ensemble
simulations of heavy precipitation events in different regions. First, the effect of ensemble size
on the mean error— the error in a variable or metric as averaged over the forecast ensemble
members— has been analyzed (Figure 3-1 a,d,g). This analysis is based on 11 heavy
precipitation events, identified in Section 2.2 , in the 3-km MPEX simulations; these events
cover the period May 15—June 15, 2013, and the daily 30-member forecasts are analyzed. Here
the ensemble mean error varies only marginally for ensemble sizes larger than 10 members for
the metrics of: (i) the 99" percentile (P99) peak accumulation (Figure 3-1a), and (i) the error in
the location of the P99 peak accumulations (Figure 3-1d). We see that the mean errors in the
volume of precipitation for simulated events demand a slightly larger ensemble size, of
approximately 15 members, to converge (Figure 3-1g). This is broadly consistent with previous
studies (e.g., Leutbecher 2019) and indicates that the model mean errors that are identified in
Section 2.2 are robust, since they are mostly based on 10-member ensemble forecasts.

Second, we have analyzed the effect of ensemble size on ensemble spread. The spread of a
forecast ensemble is a measure of the predictability of a heavy precipitation event, where each
ensemble member can be regarded as a possible realization of the observed event. We find
that the ensemble spread, here taken as the range of the 10"-90" percentiles, is significantly
underestimated in small ensembles, but it begins to converge for ensembles of over 10
members. And, this is independent of the metric under investigation (Figure 3-1b,e,h). Fitting a
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tangent-hyperbolic function allows us to estimate the asymptotic value for convergence of the
ensemble spread. The differences in the asymptote estimation, when comparing results from
ensembles of fewer members than our full set (30), show that using 10-member ensembles

results in an underestimation of the ensemble spread by approximately 10% (Figure 3-1c,f,i).
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Figure 3-1 Effect of Ensemble Size on the Estimation of P99 Accumulation, P99
Location, and Precipitation Volume: (First Column) Ensemble Mean
Differences; (Second Column) 10-90th Percentile Ensemble Spread; and
(Third Column) Estimate of the Spread Asymptote Mean differences are for
8 heavy precipitation events from the MPEX simulations ( 30-member, 3-km
ensemble forecasts). Results are shown for the 99th percentile (P99) of daily
peak accumulation (a-c), the differences in the location of the P99
accumulation (d-f), and the differences in event precipitation volume (g-i).
All differences reflect a comparison of model values with those based on
Stage IV observations. The red line in the ensemble spread analysis shows
the best-fit estimate of a tangent-hyperbolic function to the model data,
which is used to calculate the asympftote of the ensemble spread. The right
column shows the difference between the asymptote derived from
considering all 30 ensemble members compared to that derived from a
reduced number of members. To increase statistical robustness, all results
are based on the mean values of 1000 booftstrap samples.

3.2.1.2 Variability Sources

To help identify foci of future CPM simulations of heavy precipitation events, a variance
decomposition was performed on the 3-km NCAR ensemble dataset, calculating the
contribution of four factors to the variance of forecast biases (Figure 3-2): 1) case to case
variability (Nr), 2) ensemble spread (En), 3) observational uncertainties (Ob), and 4) differences



between seasons (Se). First-order mixtures of these factors are also considered. The 3-km
NCAR ensemble dataset is used for this analysis due to its 10-member ensemble size and its
inclusion of multiple heavy precipitation events in all regions.

The factors affecting variance differ across the geographic regions we have been considering.
In the South region, the overall model variability in simulating the P99 precipitation accumulation
is due to a combination of both case-to-case and seasonal variability (Figure 3-2a). This means
that to better constrain model performance in terms of P99 precipitation there, it would be more
effective to sample additional heavy precipitation events in different seasons rather than adding
observational datasets or increasing the ensemble size. In contrast, the weights of the sources
of variability are more balanced in the East Coast region. The greatest variability is found in the
South region, which is mainly a reflection of the heavier precipitation events there; the least
variability is in the Appalachian region (Figure 3-2d).

Uncertainties in simulating the locations of P99 events are generally attributed to a combination
of case-to-case and seasonal variability, with the next-largest contribution coming from
ensemble spread. The exception to this is the East Coast region, where the combination of
ensemble spread, and seasonal variability is most important (Figure 3-2a). The largest
uncertainty in simulating P99 location is in the Appalachian region, while the smallest is in the
South (Figure 3-2e). Across most of the regions, the uncertainty in event precipitation volumes
is dominated by ensemble spread and seasonal variability (Figure 3-2c). The variability in
simulating precipitation volume is largest in the South and smallest in the Appalachian region,
with the South’s variability mainly reflecting the larger and more intense events.

Based on these results, the most effective factor in obtaining robust CPM-based estimates of
the characteristics of heavy precipitation events is the capturing of events across different
seasons. This is followed by increasing the forecast ensemble size, with this being especially
true for estimates of the P99 location and P99 accumulation over the Appalachian and East
Coast regions. Our analysis indicates that observation sampling uncertainty is of minor
importance for most regions and for the given storm characteristics. However, the importance of
this source of uncertainty would significantly increase if the gridded precipitation analyses used
for verification were based on station data, in contrast to the Stage IV and MRMS datasets
used.
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Figure 3-2 Variance Decomposition of the Impact of the Number of Cases (Nr),
Ensemble Members (En), Observational Uncertainties (Ob; Comparing Stage
IV and MRMS), Seasonality (Se), and First-Order Mixture Terms on the P99
Event Accumulation (A,D), P99 Location (B,E), and Event Precipitation
Volume (C,F) Results are based on the NCAR Ensemble simulations. The
fop row shows the relative contributions, and the bottom row shows the
absolute contributions to the total variance. Seasonality is calculated by
separating events into three periods within the year depending on their time
of occurrence.

3.2.2 Dynamically-Downscaled Datasets

CPM configurations are also being implemented in climate modeling efforts (Prein et al. 2015),
including dynamical downscaling. Dynamical downscaling approaches utilize high-resolution,
limited-area models that are forced by coarser-resolution boundary conditions, but otherwise
freely evolve and develop their own weather and climate. In this methodology boundary
conditions are available from observational reanalyses and from global climate model (GCM)
output.

3.2.21 Observational Reanalyses

Given the relative sparsity of direct precipitation observations, climate reanalyses can provide
effective boundary forcings for RCMs run with CPM configurations. Climate centers have
developed a variety of reanalysis products for the 20" century, such as the NCEP/NCAR
Reanalysis Project (Kalnay et al. 1996) and the European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis (ERA; Uppala et al. 2005). ECMWF also has climate
reanalysis based on a 10-member ensemble (CERA-20C;
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/cera-20c).
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The disadvantage of downscaling reanalyses using CPMs is similar to that of using forecast
datasets, in that although the CPM simulations provide information about uncertainty for
observed events, they do not yield “new” events.

3.2.2.2 GCMs

The primary purpose of GCMs has been to investigate future climate. As GCMs are typically run
at coarse resolutions, their configurations are not suited to the accurate simulation of
precipitation extremes (Diffenbaugh et al. 2005). However, GCM output can be used as
boundary conditions to drive higher-resolution models.

In the climate community, there has been a proliferation of GCM output for climate research and
projection applications. For example, centers have provided GCM output for model comparison
purposes (e.g., the Coupled Model Intercomparison Project Phase 3, 5, and 6; CMIP3, CMIP5,
and CMIP6). In particular, the CMIP6 effort has a High-Resolution Model Intercomparison
Project (HighResMIP; Haarsma et al. 2016) that is relevant to the investigation of small-scale
processes, including extreme precipitation. Furthermore, there have been efforts to dynamically
downscale GCM output using RCMs to 50-km or finer grids (31 mi), with a prominent example
being the North American Regional Climate Change Assessment Program (NARCCAP; Mearns
et al. 2011). In theory, any or all of these models could provide boundary conditions for
downscaling to a CPM application. However, because of the computational effort required, it is
not possible to so downscale every GCM or RCM. To address this issue, event-based
approaches have been adopted. As one prominent example, Mahoney et al. (2013) conducted
an event-based experiment in which three independent RCMs, each with a 50-km (31 mi) mesh,
were downscaled to 1.3 km (0.8 mi) with the Weather Research and Forecasting (WRF) Model.
In the study, Mahoney et al. (2013) identified the 60 largest 24-hr precipitation events from both
the past and future in the RCM output to downscale. Results showed a large spread in projected
changes, with extreme event intensities either staying the same or increasing.

GCM large-ensemble experiments have been conducted to investigate variability associated
with the chaotic nature of the climate system. For example, NCAR’s Community Earth System
Model Large Ensemble (LENS) is a community resource (Kay et al. 2015) that offers a 40-
member ensemble, with each member having a resolution of 1-degree latitude/longitude.
Analysis of LENS has shown that there is considerable internal variability in the climate system,
whether past or future (Deser et al. 2014). While the LENS resolution is too coarse to directly
examine precipitation extremes, LENS and other large ensembles can be used with targeted
event-based approaches to downscaling. To this end, extreme precipitation events, their or
environments, can be identified in time series extracted from the ensemble. Huang et al. (2020),
for example, detected extreme atmospheric river (AR) events in LENS by identifying
environments conducive to ARs. Specifically, they identified the highest 5-day running mean
values of integrated vapor transport (IVTs) in LENS. From this, they selected the 60 rarest/most
intense events in the dataset, which they re-simulated with WRF at 3 km (1.8 mi). With this
setup, Huang et al. (2020) found increases in total accumulated precipitation and in hourly
maximum precipitation intensity. Recently, additional efforts to generate a collection of large
(i.e., many-member) ensembles from multiple models (“multi-model large ensembles”) have
been realized (Deser et al. 2020). Multi-model large ensembles are a powerful new resource
that can yield robust climate risk assessments, including assessments involving extremes, by
considering uncertainties due to both initial conditions and model differences.

The main advantage of the use of GCMs in intense precipitation analysis is that they can
provide boundary conditions to CPMs that can result in new, plausible storms for both historical
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and future periods. The main disadvantage of using GCMs is that the approach requires
identifying extreme events or environments in coarse-resolution model setups, which may be
difficult and may be sensitive to the region or season of interest.

3.3 Conceptual Framework Criteria and Integration

This section has reviewed rainfall-based flood frequency analysis and CPM rainfall simulations
towards the development of a conceptual framework for their integration. For their application in
such a framework, CPM rainfall simulations can be assessed with the following criteria.

i Realism: CPM rainfall simulations must be realistic. This involves minimizing, correcting,
or at least understanding systematic errors (i.e., biases) in the output rainfall fields.

ii.  Variability: For critical infrastructure applications such as nuclear power plant design and
operation and for flood probability analysis, CPM simulations must capture the full range
of variability of plausible intense rainfall scenarios.

iii. Computational Cost: Given that the goal is to develop a framework for analyzing events
with return periods of 10,000 years or longer, the computational costs of CPM
simulations and applications must be considered, and ideally, minimized.

Table 3-1 presents assessments of these three criteria in the application of CPMs for intense
rainfall. We stress that these are based on the professional experience and judgment of the
authors, with collectively many years working in the application and development of fine-scale
atmospheric models. In terms of CPM forecast realism, although it has been established that
CPM configurations can accurately simulate intense rainfall events, initial and lateral boundary
conditions do have a direct and significant effect on the model error. As such, properly using
input observations, as is done in forecasts and reanalyzes, and limiting forecast lengths to
constrain error growth (e.g., doing shorter-term predictions) allow for higher confidence in the
realism of the output. This confidence is somewhat reduced for the output of GCMs, as they are
not constrained directly by observations and their projections cannot be verified in the same way
as those of CPMs. Nonetheless, it has been shown that GCMs can skillfully reproduce the
large-scale circulation patterns (Flato et al. 2013) that are used as the driving boundary
conditions for CPMs; thus, in Table 3-1GCMs still are given a relatively high rating for realism.

In Table 3-1 the variability criteria show differences across the CPM rainfall simulation sources.
Although CPM forecasts reflect perturbed initial conditions, the large-scale forcings and general
weather patterns during the relatively short forecast cycle do not usually change sufficiently to
allow for large divergence in the model solutions. As such, there are no “new” events. This is
similar to the application of downscaled reanalyses, which are in large part constrained to the
input observations. GCMs provide higher variability because they have less-constrained
environments that can evolve to yield new conditions and events that are plausible, but that
have not been captured in the record. The use of ensembles to create simulation datasets
increases the variability across the board.

Computational cost is another important criterion. On the one hand, the rating of cost could be
considered fixed for the different sources, since the CPM computational effort should be the
same regardless of the source of the driving conditions. However, here it is acknowledged that
there are existing operational forecasts that could be exploited as input for analysis, where the
computation has already been performed, resulting in a lower cost of a study; thus, we have
rated it more favorably. To produce new downscaled simulations from observational reanalyses
or from GCMs would require similar computational resources. However, downscaling a
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continuous record would require more computational power than doing so for only selected
events.

Table 3-1 CPM Rainfall Simulation Ratings for the Criteria of Realism, Variability, and
Computational Cost by Driving Boundary Condition Source. Ratings are
Color Coded Where Green Indicates the Highest/Best Rating, Orange is the
Lowest/Worst Rating; and Yellow is in Between

CPM Rainfall Simulations

Source Realism Variability Cost
High Lower Lesser
Operational & (if existing)
Forecasts = — o
s 3, 2
> I S 9 .
o & Greater o =2
q ™ 0a () T+ on
Downsca.le High Lower 3 ri- (if new) § 5 T o
Reanalysis > [E ‘é
. . Greater
Downscale Med/High  Higher e
GCMs

Although the ratings in Table 3-1 are subjective, they provide guidance for the conceptual
framework for how CPMs can be integrated into flood hazard assessment. Next, we present the
conceptual frameworks for the joint probability, SST, and continuous approaches, with a focus
on how CPMs can be used to mitigate drawbacks in each approach.

Joint probability: The main disadvantage of the joint probability approach is that it can present
unrealistic parameter combinations, and therefore yield unrealistic floods. Adding data from
CPM simulations of heavy rainfall events can be used to improve fits of the probability
distributions and correlations, thus better constraining the parameter combinations and
dependencies. Although the CPM information is spatially explicit, the observed record could be
augmented by examining rainfall characteristics within a prescribed “neighborhood” (i.e., radius
around a station of interest); this is possible by using either the neighborhood maximum or the
neighborhood average. While joint probability approaches are often tailored to a particular
application, at a minimum they all require fitting probability distributions to the characteristics of
rainfall duration, intensity, and temporal evolution— all of which would be available from CPMs.
Adding to the distributions using events from CPM simulations with higher variability would be
ideal. This could be achieved using CPM ensembles from any source, with those from GCM
ensembles offering the most variability (Table 3-1). Based on the variance decomposition
above, we find that the most effective means of increasing the variability is to simulate additional
events in different seasons; the next most effective means is increasing the forecast ensemble
size. In terms of the information on frequency used to develop the IDF curves, only GCMs could
offer new input on this; otherwise, frequency information would be limited to the available
record.

SST: The main disadvantage of the SST approach is that it relies on a finite storm catalog that
can only be shifted within a limited domain. A dataset of CPM rainfall simulations, however, can
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be readily mined to increase the storm catalog size. Further, the greater the storm variability in
the catalog, the less it matters that the storms can only be shifted within a limited domain. Thus,
capitalizing on greater variability in CPM output would be ideal. Greater variability can be
achieved from the use of CPM ensembles, especially those driven from GCM output, as well as
by using CPM simulations from different seasons.

Continuous Approaches: The main disadvantage of continuous approaches is the greater
computational effort needed both to develop the hydrometeorological inputs and then to use
them to drive a hydrologic model. The computational demand of adopting a continuous
approach is more of an issue for the use of complex hydrologic models, such as distributed
hydrologic models, than it is for simpler rainfall-runoff models. Nevertheless, given the
importance of antecedent conditions on flooding (lvancic and Shaw 2015, Sharma et al. 2018;
Berghuijs et al. 2016) and general increases in available computing power, continuous
approaches, especially those using observational reanalyses, are being tried more often. For
example, a new partnership between NCAR and the USGS will develop a 40-year (1980-2019)
high-resolution (4-km; 2.5 mi) retrospective of both WRF-simulated rainfall and WRF-Hydro-
simulated streamflows across the contiguous United States (CONUS). There will also be a 20-
year projection using the pseudo global warming (PGW) approach under the RCP8.5
(Representative Concentration Pathway) greenhouse gas emission scenario®. Additional 1-km
(0.6-mi) grid simulations will be performed in USGS Next Generation Water Observing System
(NGWOS) focus basins, including the Delaware River basin, the upper Colorado River basin,
and the lllinois River basin. Although it is not being developed explicitly for flood frequency
analysis, this dataset will provide a valuable high-resolution reanalysis that could be leveraged
in such an effort. Furthermore, it provides a concrete reference for how CPM rainfall simulations
can be integrated into hydrologic modeling in a continuous framework.

3.4 Recommendations

Based on the analyses and findings above we present two main recommendations for future
work with CPMs for intense precipitation analysis and simulation.

Recommendation 1. Perform targeted downscaling of GCM large ensembles. Regardless
of the RFA approach used, there is a need for the rainfall dataset to contain a wide range of
storm events affecting a region or watershed, especially plausible episodes that are not part of
the record. As such, targeted downscaling of GCM ensembles is a valuable, productive
approach, and we believe this would result in a step-change in the variability of storm events
considered.

Figure 3 offers an illustration of the recommendation. The first step would be to analyze NCAR’s
Community Earth System Model Large Ensemble (LENS) to identify the environments for
intense precipitation events, which would vary with region and season, for contemporary and
future periods. This work would have to rely on meteorological expertise for dataset
interpretation, analysis, and evaluation. In the second step, a model in a convection-permitting
configuration, such as WRF at 3 km, would be used to simulate new precipitation events in a
target region. As has been done in several recent studies (e.g., Mahoney et al. 2013, Huang et
al. 2020), this could be done for both past and future periods. This downscaling effort would
demand significant compute resources. To provide some context, one CONUS-scale 3-km, 36-
hr WRF forecast takes approximately 2000 core-hours on the NCAR supercomputer. Running
10-member ensembles would thus take about 20,000 core-hours of HPC time per case. And,

5 RCP8.5 is the current emissions level/“business as usual” assumption for CO2 in climate modeling.
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running 100 cases for the 10-member ensemble (i.e., 1,000 simulations), would require 2.0M
(million) core-hours. While this is not a trivial resource need, it is within the level of allocation
that high-performance computers (HPCs) like NCAR'’s can provide.

In the third step, the 3-km WRF output could drive WRF-Hydro to simulate new flood events. It
is estimated that driving CPM data (from WRF) through WRF-Hydro carries about a 15%
computational overhead. Using this estimate, to run 100 cases (1,000 simulations), the compute
resources needed to run WRF and WRF-Hydro would be ~2.3M core-hours.

Recommendation 2. Utilize CPM rainfall simulations to expand the storm catalog for SST.
Building on the previous recommendation, the rainfall simulations from Step 2 (Figure 3-3) could
be used to increase and diversify the event population for SST analysis. However, even in the
absence of new simulations, the previously described 40-year, 4-km (2.5-mi) retrospective
modeling study could be mined to develop a storm catalog and flood peak database for the
CONUSE. As mentioned, WRF-Hydro will have already been calibrated to ingest the
retrospective WRF output, which could be utilized for event-based SST. This could simplify flood
risk assessments at specific sites.

Step 1. Scan NCAR’s Community Earth System Step 2. Use 3-km WRF to Step 3. Run 3-km WRF output
Model Large Ensemble (LENS) to identify the top simulate new precipitation through WRF-Hydro to simulate
extreme environments for current and future periods. events in target region. new flood events.

Figure 3-3 Recommended Steps to Perform Targeted Downscaling of GCM Large
Ensembles. Targeted Downscaling Allows for the Creation of Physically
Plausible, but So-far Unseen, Heavy Precipitation Events for Past, Current,
and Future Conditions that can be Used in Probabilistic Flood Risk
Assessments

Finally, we close with two additional remarks.

Integrating CPM rainfall simulations is not straightforward for RFA approaches that have
traditionally used point-based rainfall. The spatially explicit nature of CPM simulations is
somewhat mismatched with RFA approaches that have traditionally utilized point-based rainfall.
Though it would be possible for maximum or average rainfall characteristics within a

6 This will likely be publicly available in 2022.
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neighborhood to be applied to improve the fits of the probability distributions, there would be
some subjectivity in this process, and the authors are not aware of any studies that have
demonstrated it to date. As such, the approach would need to be tested and refined in terms of
its utility for improving/constraining the distributional fits and the resulting estimated floods. If
desired, NRC could select several case study locations to modify the framework to demonstrate
how this could be done. Starting with the existing forecast ensembles, for example, the
sensitivity of the input probabilistic distributions to the new data could be tested. Once the
framework had been established, it could be extended for use with other CPM datasets (e.qg.,
reanalysis, ensembles, etc.).

The sensitivity of flooding to land surface conditions should be further investigated.
While this report focuses on rainfall characteristics as a key driver of flooding, land surface
conditions, such as antecedent soil moisture, are also critical factors and have been less
explored. Continuous approaches using coupled models, such as the noted 40-year, high-
resolution retrospective of WRF and WRF-Hydro, could provide valuable datasets that could be
examined for this purpose. However, undertaking a continuous dynamical run for many years
and ensembles will be computationally prohibitive for some time. As an alternative, hybrid
statistical-dynamical approaches could be investigated. These could be used to complement
dynamical event-based approaches to better account for the role of antecedent conditions.

As one strategy, sensitivity analyses could first be conducted to see how long of a simulation
prior to an event is needed to improve flood predictions. Second, the coarse-resolution
boundary conditions of the preceding days could be examined, and from this, statistical
relationships between the large-scale forcings and local conditions could be developed to
determine the likelihood of wet or dry conditions. This could be used in a probabilistic framework
to estimate the relevant land surface parameters. Another important consideration is that
flooding can result from multiple moderate rainfall events in a sequence or from a combination
of event types (e.g., rain on snow), and recent work has shown how such compound events
need to be considered in future hazard projections (Zscheischler et al. 2018). Thus, it would
also be valuable to explore the role of compound events in the context of flood hazard
assessment.
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APPENDIX A

HEAVY PRECIPITATION CASES FOR MODEL EVALUATION

In this appendix, the cases that were used for model evaluation are described.
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Table A-1 Event Ranks and Precipitation Accumulations in the South Region. Numbers
Correspond to Event Locations Mapped in Figure A-1.

peak daily
rank date lon 3km 1km accum
[mm/d]
1 08/30/2017 30.14 -93.93 10 0 443 Hurr Harvey
2 08/28/2017 29.97 -94.57 10 0 385 Hurr Harvey
3 08/26/2017 28.07 -97.06 10 0 372 Hurr Harvey
4 10/08/2016 32.42 -80.81 10 0 364 Hurr Matthew
5 08/27/2017 29.81 -95.13 10 0 363 Hurr Harvey
6 10/24/2015 31.96 -96.66 10 0 329 TX MCSs
7 10/04/2015 33.78 -80.49 10 0 293 SC front+Joaquin
8 08/14/2016 29.55 -92.61 10 0 292
9 04/30/2014 30.42 -87.28 1 1 291 MS-FL coast MCSs
10 09/11/2017 30.75 -81.45 10 0 287 Hurr Irma
11  08/13/2016 30.47 -92.05 10 0 285 stalled MCS LA
12 05/27/2016 30.33 -96.33 11 1 285 TX MCS
13 03/10/2016 31.27 -935 11 1 278 TX LA serial MCS
14  08/29/2017 29.59 -95.06 10 0 274 Hurr Harvey
15 10/05/2015 33.57 -78.57 10 0 255
16  04/18/2016 30.00 -95.74 10 0 248 TX MCS
17 03/09/2016 32.52 -93.24 11 1 247 TX LA serial MCS
18 03/11/2016 30.93 -90.04 10 0 245
19 06/25/2012 28.32 -82.34 1 1 228 TS Debby FL
20 03/21/2012 30.56 -93.5 1 1 219 Stalld cold frnt LA




A.2 Atlantic Coast
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Figure A-2 Locations of the Daily Peak Accumulations of the top 20 Heaviest
Precipitation Events in the Atlantic Coast Region, with Numbers Indicating
Event Ranks



Table A-2 Event Ranks and Precipitation Accumulations in the Atlantic Coast Region.
Numbers Correspond to Event Locations Mapped in Figure A-2.

peak daily
rank date accum
[mm/d]

1 10/09/2016 36.62 -76.53 10 0 267 Hurr Matthew
2 10/04/2015 34.00 -80.65 10 0 262 SC front+Joaquin

Hurr Hermine
3 09/03/2016 35.07 -76.3 10 0 211 NC/SC
4 10/08/2016  34.00 -79.13 10 0 201 Hurr Matthew
5 10/05/2015 34.07 -77.73 10 0 179
6 9/29/2016 35.16 -79.03 10 0 150
7 04/25/2017 35.75 -78.27 10 0 150
8 09/22/2016 36.40 -76.99 10 0 139
9 06/08/2013 41.09 -72.37 11 11 137
10 09/21/2016 36.67 -76.08 10 0 135
11  10/03/2015 34.01 -78.64 10 0 128 SC front+Joaquin
12 09/30/2016 38.63 -75.23 10 0 116
13 11/20/2015 34.79 -76.68 10 0 109
14  08/19/2017 41.72 -69.97 10 0 106
15 09/12/2017 34.01 -80.46 10 0 104 Hurr Irma
16  07/29/2017 38.75 -75.8 10 0 100
17  10/30/2017 41.28 -72.86 10 0 96 warm front NJ
18 08/04/2016 36.57 -80.39 10 0 96
19 10/01/2015 45.40 -67.57 10 0 94
20 09/30/2015 42.16 -73.7 10 0 93
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Figure A-3 Locations of the Daily Peak Accumulations of the top 20 Heaviest
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Table A-3 Event Ranks and Precipitation Accumulations in the Central U.S. Region.
Numbers Correspond to Event Locations Mapped in Figure A-3.

rank date

peak daily

accum
[mm/d]
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Figure A-4 Locations of the Daily Peak Accumulations of the top 20 Heaviest
Precipitation Events in the Appalachian Region, with Numbers Indicating
Event Ranks



Table A-4 Event Ranks and Precipitation Accumulations in the Appalachian Region.
Numbers Correspond to Event Locations Mapped in Figure A-4.

peak daily
rank date accum
[mm/d]
1 12/26/2015 34.45 -86 10 0 132 MCS stratiform
2 06/24/2016 38.12 -80.52 11 1 120 WV orographic
3 10/09/2017 35.00 -83.03 10 0 117
4 09/12/2017 34.01 -84.9 10 0 104 Hurr Irma
5 10/04/2015 34.62 -82.6 10 0 102 SC front+Joaquin
6 10/24/2017 35.12 -82.69 10 0 100
7 08/04/2016 36.60 -80.47 10 0 98 orographic NC VA
8 12/01/2010 35.12 -82.69 1 1 96
9 09/30/2015 42.24 -73.76 10 0 94
10 12/02/2015 34.87 -84.46 10 0 93
11  04/17/2011 40.40 -76.96 1 1 92
12 09/30/2016 3792 -79.76 10 0 91
13 04/24/2017 36.37 -80.71 10 0 91
14  10/30/2017 44.18 -71.04 10 0 90
15 04/07/2014 3429 -84.96 1 1 88
16  10/21/2016 41.22 -77.52 10 0 87
17 04/16/2011 35.09 -82.84 1 1 86
18 04/20/2015 36.60 -80.58 11 1 85
19 07/07/2013 35.64 -84.83 1 1 84
20 04/28/2011 35.33 -85.48 1 1 84
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