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ABSTRACT OF THE DISSERTATION

Precipitation Cluster Distributions: Current Climate Storm Statistics and Projected Changes

Under Global Warming

by
Kevin Martin Quinn

Doctor of Philosophy in Atmospheric and Oceanic Sciences
University of California, Los Angeles, 2016

Professor J. David Neelin, Chair

The total amount of precipitation integrated across a precipitation cluster (contiguous
precipitating grid cells exceeding a minimum rain rate) is a useful measure of the aggregate size
of the disturbance, expressed as the rate of water mass lost or latent heat released, i.e. the power
of the disturbance. Probability distributions of cluster power are examined during boreal summer
(May-September) and winter (January-March) using satellite-retrieved rain rates from the
Tropical Rainfall Measuring Mission (TRMM) 3B42 and Special Sensor Microwave Imager and
Sounder (SSM/I and SSMIS) programs, model output from the High Resolution Atmospheric
Model (HIRAM, roughly 0.25- 0.5° resolution), seven 1- 2° resolution members of the Coupled
Model Intercomparison Project Phase 5 (CMIP5) experiment, and National Center for
Atmospheric Research Large Ensemble (NCAR LENS). Spatial distributions of precipitation-
weighted centroids are also investigated in observations (TRMM-3B42) and climate models
during winter as a metric for changes in mid-latitude storm tracks. Observed probability

distributions for both seasons are scale-free from the smallest clusters up to a cutoff scale at high
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cluster power, after which the probability density drops rapidly. When low rain rates are
excluded by choosing a minimum rain rate threshold in defining clusters, the models accurately
reproduce observed cluster power statistics and winter storm tracks. Changes in behavior in the
tail of the distribution, above the cutoff, are important for impacts since these quantify the
frequency of the most powerful storms. End-of-century cluster power distributions and storm
track locations are investigated in these models under a “business as usual” global warming
scenario. The probability of high cluster power events increases by end-of-century across all
models, by up to an order of magnitude for the highest-power events for which statistics can be
computed. For the three models in the suite with continuous time series of high resolution output,
there is substantial variability on when these probability increases for the most powerful
precipitation clusters become detectable, ranging from detectable within the observational period
to statistically significant trends emerging only after 2050. A similar analysis of National
Centers for Environmental Prediction (NCEP) Reanalysis 2 and SSM/I-SSMIS rain rate
retrievals in the recent observational record does not yield reliable evidence of trends in high-
power cluster probabilities at this time. Large impacts to mid-latitude storm tracks are projected
over the West Coast and eastern North America, with no less than 8 of the 9 models examined
showing large increases by end-of-century in the probability density of the most powerful storms,
ranging up to a factor of 6.5 in the highest range bin for which historical statistics are computed.
However, within these regional domains, there is considerable variation among models in

pinpointing exactly where the largest increases will occur.
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1 General Introduction

Metrics of extreme precipitation intensity are projected to increase across all emissions
pathways in the Coupled Model Intercomparison Project Phase 3 (CMIP3) and CMIP5
experiments (Tebaldi et al. 2006; Kharin et al. 2007, 2013; Sillmann et al. 2013). However, at a
global scale, uncertainties in changes to extreme precipitation appear in both observational
studies (e.g., Easterling et al. 2000; Alexander et al. 2006; Kharin et al. 2007, 2013; Lenderink
and van Meijgaard 2008; Allan et al. 2010) and modeling studies (e.g., Tebaldi et al. 2006;
Kharin et al. 2007, 2013; Allan and Soden 2008; Allan et al. 2010; Sillmann et al. 2013). At
smaller scales, extreme precipitation event frequency and intensity also show large regional
variability (e.g., Beniston et al. 2007; Kay and Washington 2008; Seneviratne et al. 2012; Vizy
and Cook 2012; Haensler et al. 2013; Stocker et al. 2013; Barros et al. 2014; Sylla et al. 2015).
For example, California lies in between the mid-latitude region where precipitation extremes
are projected to increase and the subtropical region where precipitation extremes are projected
to decrease, with a large area in between where the sign of the change is unknown (e.g. Meehl
et al. 2007; Neelin et al. 2013).

Because of the potential socioeconomic impacts associated with precipitation extremes,
it is important to assess for changes in changes in the frequency and intensity of organized
convection and storm tracks. For example, there is growing evidence in climate change
research that overall global tropical cyclone frequency will decrease under global warming
(e.g., Emanuel et al. 2008; Knutson et al. 2008, 2010, 2013; Bender et al. 2010), but the

intensity of tropical cyclones will increase, both as a measure of rain rate and hurricane



category (e.g., Webster et al. 2005; Emanuel et al. 2008; Gualdi et al. 2008; Knutson et al.
2008, 2013; Bender et al. 2010). As for changes in mid-latitude storm tracks, Hall et al. (1994)
and Yin (2005) note increased baroclinicity and a poleward shift of mid-latitude storm tracks
across coupled climate model simulations.

A number of observational studies at small scales have used cluster-based measures to
analyze storm behavior. For example, Skok et al. (2013) uses satellite-retrieved rain rates from
the Tropical Rainfall Measuring Mission (TRMM-3B42) to employ space-time clusters to
investigate tropical cyclone precipitation statistics. Wood and Field (2011) and Peters et al.
(2009) examine cloud cluster area probability distributions, Peters et al. (2012) analyze
distributions of precipitation integrated over contiguous precipitating clusters, and Peters et al.
(2010) examine distributions of precipitation integrated over temporal events, noting in each
case that probability density tends to exhibit a scale-free power law range, with a sharp cutoff
after which the probabilities of clusters with large area and high power decrease more rapidly.

Given the uncertainties surrounding extreme precipitation projections, there is a need
for substantiating measures of extreme precipitation, such as precipitation integrated across a
cluster of contiguous precipitating grid cells, in future climate simulations. In this dissertation,
statistical and spatial distributions of precipitation integrated across a cluster are investigated
on a global scale for the first time as i) potentially useful methods of characterizing the current
statistics of extreme precipitation events over the Tropics and mid-latitudes and ii) a method of
quantifying changes in the frequency and spatial distribution (i.e., the storm track) of the most
powerful storms under global warming.

This dissertation attempts to answer following questions. First, using satellite-retrieved

rain rate data from the TRMM-3B42 and Special Sounder Microwave Imager/Sounder (SSM/I-



SSMIS) datasets, what is the state of extreme precipitation (as measured by cluster power) in
current climate? Second, can the High Resolution Atmosphere Model (HIRAM) and a suite of
7 coupled climate models from the Coupled Model Intercomparison Project Phase 5 (CMIP5)
experiment accurately reproduce observed cluster power statistics? Third, how does the
frequency of the most powerful precipitation clusters change under global warming? Fourth,
have there been statistically significant changes to the frequency of the most powerful storms
in current climate, and when do such changes become statistically significant in this model
suite? Fifth, how does the spatial distribution (i.e. storm tracks) of the most intense
precipitation clusters change during winter under global warming?

As for the structure of the dissertation, in Chapter 2, we establish a baseline of observed
cluster power behavior over the Tropics in recent climate, and assess the skill of the HIRAM in
capturing observed cluster power statistics. We then analyze for changes in the frequency of
the most intense storms relative to recent climate under a “business as usual” global warming
scenario, and test a possible physical mechanism behind such changes. In Chapter 3, we check
for detectability of statistically significant changes in the frequency of the most intense
precipitation clusters in recent climate using SSM/I-SSMIS rain rates and data from the
observationally-constrained National Centers for Environmental Prediction (NCEP) 2
Reanalysis model. We also compare results from our analysis of HIRAM output to cluster
power distributions from the set of 7 comparatively high resolution coupled atmosphere/ocean
CMIP5 models, examining first for projected changes to cluster power under the
Representative Concentration Pathway (RCP) 8.5 scenario, then investigating when changes
first become statistically significant compared to recent climate. In Chapter 4, we analyze

cluster power distributions over boreal winter, first establishing an observed baseline of cluster



power statistics and spatial patterns of the most intense storms over the Northern Hemisphere.
We then i) assess the ability of the HIRAM and the same suite of 7-CMIP5 models used in
Chapter 2 to capture observed cluster power statistics, ii) check for changes to the frequency of
the most powerful precipitation clusters by end-of-century, iii) analyze the spatial distribution
of such changes, and iv) review output from 10 simulations from the National Center for
Environmental Research Large Ensemble Community Project (NCAR LENS) to evaluate the
impact of internal variability on the statistics. Each chapter serves as a stand-alone paper, with
an introduction, explanation of data and methods, analysis, discussion of results, and references.
References for the papers cited in the general introduction to the dissertation are distributed

among the reference sections for Chapters 2-4.



2 Distributions of Tropical Precipitation Cluster Power and Their
Changes Under Global Warming: Part |

2.1 Abstract

The total amount of precipitation integrated across a precipitation cluster (contiguous
precipitating grid cells exceeding a minimum rain rate) is a useful measure of the aggregate
size of the disturbance, expressed as the rate of water mass lost or latent heat released, i.e. the
power of the disturbance. The probability distribution of cluster power is examined over the
Tropics using Tropical Rainfall Measuring Mission (TRMM) 3B42 satellite-retrieved rain rates
and global climate model output. Observed distributions are scale-free from the smallest
clusters up to a cutoff scale at high cluster power, after which the probability drops rapidly.
After establishing an observational baseline, precipitation from the High Resolution
Atmospheric Model (HIRAM) at two horizontal resolutions (roughly 0.5 and 0.25°) are
compared. When low rain rates are excluded by choosing a minimum rain rate threshold in
defining clusters, the model accurately reproduces observed cluster power statistics at both
resolutions. The most powerful precipitation clusters are found in the tail region, so changes in
tail behavior have a great influence on the frequency of the most powerful storms. Middle and
end-of-century cluster power distributions are investigated in HIRAM in simulations with
prescribed sea surface temperatures and greenhouse gas concentrations from a “business as
usual” global warming scenario. The probability of high cluster power events increases
strongly by end-of-century, by roughly a factor of 20 for the highest-power events for which
statistics can be computed. Clausius-Clapeyron scaling accounts for only a fraction of the

increased probability of high cluster power events.



2.2 Introduction

Extremes of precipitation intensity are projected to change across all global warming
scenarios in the Coupled Model Intercomparison Project Phase 3 (CMIP3) and CMIP5
experiments (Tebaldi et al. 2006; Kharin et al. 2007, 2013; Sillmann et al. 2013). Tebaldi et al.
(2006) review historical and future simulations from a suite of 9 coupled global climate models
across multiple emissions scenarios, finding a clear signal of increased precipitation intensity
emerging by end-of-century over the globe. Kharin et al. (2007 and 2013) also analyze a suite
of coupled climate models for consistency in projections of extreme precipitation spanning the
CMIP3 and CMIP5 experiments, finding shorter wait times for extreme precipitation events by
end-of-century relative to historical climate, and that the intensity of extreme precipitation
events increases at a rate of 6% per °C of warming across both CMIP3 and CMIP5
experiments. Additionally, Sillmann et al. (2013) find that several metrics of precipitation
extremes increase proportional to warming.

Uncertainties regarding changes in precipitation extremes emerge in both observations
(e.g., Easterling et al. 2000; Alexander et al. 2006; Kharin et al. 2007, 2013; Lenderink and van
Meijgaard 2008; Allan et al. 2010) and in global-scale simulations of extreme precipitation in
recent climate and future climate (e.g., Tebaldi et al. 2006; Kharin et al. 2007, 2013; Allan and
Soden 2008; Allan et al. 2010; Sillmann et al. 2013). Kharin et al. (2007) hypothesize that,
over the Tropics, uncertainty in simulated extreme precipitation results from limitations in the
representation of associated physical processes in climate models. Additionally, simulated
precipitation extremes from an ensemble of 19 CMIP3 models are lower than observed
precipitation extremes from 1987-2004 (Allan and Soden 2008). At regional scales, a survey of
climate model studies using multiple approaches (e.g., multi-model ensembles, downscaling)

6



suggests that projected changes to extreme precipitation event frequency and intensity also
exhibit large regional variability (e.g., Beniston et al. 2007; Kay and Washington 2008;
Seneviratne et al. 2012; Vizy and Cook 2012; Haensler et al. 2013; Stocker et al. 2013; Barros
et al. 2014; Sylla et al. 2015).

Characterizing changes in the frequency and intensity of organized convection,
including in tropical cyclones, is important because of their potential socio-economic impacts.
Many studies into tropical cyclone changes under global warming suggest that overall global
tropical cyclone frequency will decrease by end-of-century (e.g., Emanuel et al. 2008; Knutson
et al. 2008, 2010, 2013; Bender et al. 2010), though tropical cyclone intensity is projected to
increase, both measured by higher rain rates and hurricane category (e.g., Webster et al. 2005;
Emanuel et al. 2008; Gualdi et al. 2008; Knutson et al. 2008, 2013; Bender et al. 2010).
Changes in tropical cyclone intensity under global warming are further investigated in climate
model simulations by Knutson et al. (2013), Villarini et al. (2014), and Wehner et al. (2015).
Decreases in the total number of tropical cyclones but increases in intense tropical cyclones in
future climate under global warming are described in Knutson et al. (2013) and Wehner et al.
(2015). Rainfall rates associated with tropical cyclones are projected to increase (Knutson et al.
2013; Villarini et al. 2014; Wehner et al. 2015), scaling with the Clausius-Clapeyron (CC)
relationship in some regions (Knutson et al. 2013; Villarini et al. 2014), but exceeding results
expected under CC-scaling near centers of tropical cyclones (Knutson et al. 2013; Wehner et al.
2015). More generally, changes in convective organization, as noted in observations by Tan et
al. (2015), may be important to changes in precipitation extremes.

Work to better understand processes of convective organization (e.g., Leary and Houze

1979; Houze 1982; Houze 1989; Mapes and Houze 1993; Houze 2004) in current climate



includes studies of the self-aggregation of tropical convection over smaller domains (e.g.,
Bretherton et al. 2005; Muller and Held 2012; Khairoutdinov and Emanuel 2013; Wing and
Emanuel 2014; Wing and Cronin 2015). The aggregation of convection into clusters has been
shown to be sensitive to: hydrometeor parameterization (Bretherton et al. 2005); Coriolis
forcing (Bretherton et al. 2005); low cloud distribution (Muller and Held 2012); SST changes
(Khairoutdinov and Emanuel 2013); and advection of moist static energy (Wing and Cronin
2015). Additionally, Wing and Emanuel (2014) note that processes that initiate the aggregation
of convective cells into clusters (e.g., atmospheric water vapor absorbing shortwave radiation,
surface heat flux) are different than processes that maintain aggregation once it has already
occurred (e.g., longwave radiation feedback). Cluster aggregation processes at smaller scales
appear to continue into idealized large domains in modeling studies (Holloway et al. 2012;
Bretherton and Khairoutdinov 2015; Arnold and Randall 2015).

Observational studies of tropical precipitation clusters over large domains include
Mapes et al. (2009), Peters et al. (2009, 2010, 2012), Wood and Field (2011), and Skok et al.
(2013). In Skok et al. (2013), space-time clusters are defined to analyze precipitation statistics
associated with tropical cyclones, using satellite-retrieved precipitation estimates from the
Tropical Rainfall Measuring Mission (TRMM-3B42). Mapes et al. (2009) examines cluster
lifecycle and size distributions using IR and scatterometer data sets over the Tropics, noting
that small clusters with brief lifespans constitute the vast majority of oceanic precipitation
clusters. Wood and Field (2011) and Peters et al. (2009, 2010, 2012) analyze storm cluster
organization using a variety of observational datasets, noting that probability distributions of
cluster cloud area (Peters et al. 2009; Wood and Field 2011), precipitation integrated across

contiguous precipitating clusters (cluster power, Peters et al. 2012) or precipitation integrated
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across temporal events (Peters et al. 2010) follow a long, scale-free power law, with a distinct
cutoff, i.e. a more rapid drop in frequency of occurrence, at large cluster area and high power.
Cluster power behavior above the cutoff is different than behavior below the cutoff, in part
because different physical processes drive daily tropical convection and tropical cyclones
(Peters et al. 2010, 2012). Furthermore, Peters et al. (2012) noted that tropical cyclones provide
significant contributions to the tail in the large event regime.

There is a need for the validation of rainfall simulations in climate models, especially
extreme events in quantities likely important for changes under global warming, such as
measures of organized convection. Distributions of precipitation integrated across a cluster
over the Tropics are thus examined here for the first time as i) a potentially a useful measure
both as a metric of model simulation in current climate and ii) as a measure of changes in
tropical disturbances in simulations of future climate. This integrated precipitation can be
described as cluster power (defined here as the instantaneous latent heat release integrated over
a cluster of contiguous precipitating grid cells). Distributions and tail sensitivity to the most
powerful precipitation clusters at a global scale are examined in satellite observations with full
spatial coverage and compared to climate model simulations for the first time, examining the
relationship between cluster power and rain rate across a global domain. We first establish an
observational baseline using satellite-retrieved precipitation data to test its usefulness for
comparison to climate model output at two resolutions. Second, we assess how reliably a high
resolution climate model can simulate historical cluster power distributions. Lastly, we apply
output from future runs of the same model to examine mid- and end-of-century simulated

cluster power distributions, quantifying the influence of global warming on cluster power



behavior. These results for a high-resolution model set the stage for further examination of

lower resolution coupled models from the CMIP5 archive in Chapter 3.

2.3 Data and methods

2.3.1 Observational data

Satellite-retrieved rain rate data from the Tropical Rainfall Measuring Mission
(TRMM-3B42) program are used to build a baseline of cluster power behavior. Data from
sensors onboard the TRMM spacecraft are merged with data from other satellites to provide
gap-free TRMM-3B42 rain rate data over oceans and land, and are available beginning in 1998
(Huffman et al. 2007; TRMM 2015). These data have units of millimeters per hour and are
available every three hours over a 0.25° x 0.25° latitude-longitude grid. For consistency with
our comparisons in Chapters 3 and 4, we analyze twice daily TRMM-3B42 time slices at 00
UTC and 12Z UTC. To calculate cluster power, precipitating grid cells meeting a minimum
rain rate threshold are first aggregated into distinct clusters. From there, cluster power is
expressed as the instantaneous latent heat release integrated over a cluster in units of gigawatts
by multiplying rain rates by the latent heat of condensation (2.5 x 10° J kg™), which relates
cluster power to the Earth’s energy budget. Cluster power can also be expressed equivalently in
terms of a mass budget as the integrated mass of water lost per hour (kg H,O hr'') with 1 GW

equal to 1.4 x 10° kg H,O hr* lost.

2.3.2 Climate model data
Precipitation data from the Geophysical Fluid Dynamics Laboratory (GFDL) High
Resolution Atmospheric Model (HIRAM) at two horizontal resolutions are incorporated into
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this study: HIRAM-C360 (25 km) and HIRAM-C180 (50 km) (Zhao et al. 2009, 2010, 2012;
Chen and Lin 2011; Held and Zhao 2011; Merlis et al. 2013; Villarini et al. 2014; GFDL 2015).
HIRAM output is derived from the historical Atmospheric Model Intercomparison Project
(AMIP, 1979-2008) and future (SST2030, 2026-2035 and SST2090, 2086-2095) experiments,
incorporating prescribed sea surface temperatures (SSTs) from the Hadley dataset for the
historical period, and greenhouse gas and SST anomalies from the GFDL-Earth System Model
2 (ESM2) for future runs. Precipitation data are given at three hourly intervals in units of
precipitation flux (kg m? s?), though to stay consistent with the TRMM-3B42 retrieval,
instantaneous HIRAM cluster power snapshots from only 00 UTC and 12 UTC with rain rates
meeting a minimum threshold are aggregated into distinct clusters. These clusters then have
their rain rates converted to instantaneous latent heat release per grid cell, using the same
method as the TRMM-3B42 dataset. Next, we compare AMIP output with satellite-retrieved
data to assess its accuracy in simulating historical conditions. After establishing an accurate
AMIP baseline, we then use these AMIP simulations for the comparison with future climate
simulations, with C360 data directly compared to observed data due to their comparable spatial

resolution.

2.3.3 Domain

Cluster power distributions over two domains are shown to illustrate the extent to
which cluster power behavior is influenced by domain size: the Tropics, and the northern
Atlantic-East Pacific. The Tropics domain is centered over the Equator, stretching across the
Earth from 30°S to 30°N. The Atlantic-East Pacific domain is a subset of the Tropics,

extending from the Equator to 30°N and from 140°W across the Americas and Atlantic Ocean
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to 0°E, chosen to include major regions of tropical storm formation. Although two domains are
shown here, we examined cluster power distributions over other domains and obtained similar
results.

On average, 69 percent of all named tropical cyclones that form each year occur in the
Northern Hemisphere (Landsea and Delgado 2015). This study considers 1 May to 30
September, to focus on the period of greatest tropical cyclone activity in the Northern

Hemisphere.

2.4 Analysis

2.4.1 Cluster power distributions: observations

Previous cluster studies have analyzed cluster quantities such as cloud area above a
certain reflectivity threshold (Wood and Field 2011), storm cluster area and duration using IR
imagery and scatterometer data (Mapes et al. 2009), and cluster area and power using satellite
radar and passive microwave imagery (Peters et al. 2009, 2012). In the case of radar imagery,
these have been for narrow swaths, limited by the radar swath width. In Fig. 2.1-2.3 we form
an observational baseline for cluster power using satellite-retrieved rain rate data, evaluating
the merged satellite TRMM-3B42 retrieval at a global scale over land and ocean, so statistics
are not limited by swath width. Figure 2.1 examines TRMM-3B42 cluster power distributions
for multiple rain rate thresholds at a global scale, and Fig. 2.2 presents TRMM-3B42
distributions over the smaller Atlantic-East Pacific domain. In Fig. 2.3 we characterize typical
cluster size and morphology by analyzing mapped clusters at the 0.1 mm hr* and 0.7 mm hr™

rain rate thresholds across the Tropics.
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Across the Tropics at multiple rain rate thresholds (Fig. 2.1), TRMM-3B42 cluster
power distributions follow a long, scale-free power law, similar to Peters et al. (2012), which
noted an exponent of -1.87 in the TRMM radar 2A25 retrieval. The exponent here (as
estimated from the slope of the least squares best-fit line over the power law range at the 0.7
mm hr rain rate threshold in Fig. 2.1) is -1.50. In Fig. 2.1, the cutoff that terminates the power
law range for all rain rate thresholds lies at approximately 10° GW, with the frequency of the
highest-power clusters for all distributions falling off more rapidly after the cutoff. This cutoff
also appears to be insensitive to rain rate threshold. Note that the cluster power of the lowest
power bin depends on rain rate threshold, simply because the minimum cluster power is a
function of the minimum rain rate considered and the grid cell size. Cluster power distributions
must begin at a threshold-dependent minimum power and are shifted slightly because this

affects the normalization of the probability distribution.
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Fig. 2.1: Probability distributions of cluster power, i.e., precipitation integrated over clusters of
contiguous pixels exceeding the specified rain rate threshold, expressed in units of latent heat release
(gigawatt). Clusters are calculated from the TRMM-3B42 precipitation product, over the Tropics, May-
September 1998-2008. The least squares best-fit exponent before the cutoff (fit over the scale-free
range up to 10°> GW for the 0.7 mm hr™ threshold) is -1.50.
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TRMM-3B42 cluster power distributions over the Atlantic-East Pacific (Fig. 2.2)
closely parallel the distributions for the Tropics, with similar least squares best-fit exponents
(-1.42 versus -1.50), cutoff value (10° GW), and insensitivity to rain rate threshold. At the
highest-power bin for the Atlantic-East Pacific, domain size has a modest impact on the size of
the largest possible clusters due to longitudinal boundaries. For example, at a probability
density of 10!, the cluster power difference between the Atlantic-East Pacific and Tropics

cluster power distributions is approximately 0.75 x 10° GW.
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Fig. 2.2: Same as in Fig. 2.1, except for the Atlantic-East Pacific. The least squares best-fit exponent
before the cutoff is -1.42.

Intriguingly, the form of the cluster power probability distribution is similar to what
occurs for temporal clusters, i.e. accumulations of precipitation over events, in a simple
prototype model (Stechmann and Neelin 2011, 2014) that also exhibits a power law range with
approximately exponential cut off. The exponent of that simple configuration, -1.5, is close to
the exponent for precipitation integrated over spatial clusters here. An apparent exponent of
-1.2 or steeper, depending on convective parameters, was noted for the power law range in

cluster area distributions in a similar simple model (Hottovy and Stechmann 2015), but no
14



quantitative prototype appears to exist yet for integrated cluster precipitation. For continuity
with previous literature, probability distributions for cluster area are shown for reference in Fig.
Al of the Appendix for Chapter 2). Similar to the power distributions, an approximately
power-law range is found for cluster area, extending from the minimum area (7x10® m?) to a
qualitatively similar cutoff at around 3x10™ m? with exponent of approximately -1.7. The
cutoff for area distributions exhibits slightly more dependence on rain rate threshold. We
choose the integrated precipitation/power for the cluster for the remainder of this work because
of its greater physical importance due to the correspondence to total water loss/latent heat
release from the cluster.

Figure 2.3 displays typical satellite-retrieved cluster morphology at the lowest and
highest minimum rain rate thresholds considered in this study (0.1 mm hr and 0.7 mm hr™)
for a sample of days in 2003 and 2004. Most clusters at the 0.1 mm hr™ rain rate threshold with
high cluster power (> 10° GW) resemble tropical cyclones, mesoscale convective systems,
ITCZ-like clusters, or the tail ends of mid-latitude fronts that occasionally pass between 20°
and 30°N/S. At the 0.7 mm hr* rain rate threshold, overall structure of most clusters remains
the same, with only some trimming on the edges of the largest clusters. Figure A2 of the
Appendix for Chapter 2 shows an example for the Atlantic-East Pacific domain. Our analysis
of cluster morphology from this sample of mapped precipitation clusters further suggests little

variation in cluster power behavior across rain rate thresholds in the observational dataset.
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Fig. 2.3: Examples of precipitation clusters from selected TRMM-3B42 time slices for rain rate
thresholds 0.1 mm hr* (Fig. 2.3a and Fig. 2.3c) and 0.7 mm hr''(Fig. 2.3b and Fig. 2.3d), as indicated.
The spatial distribution of each cluster is shown with the power integrated over the cluster given by the

color bar.
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2.4.2 Cluster power distributions: historical HIRAM output

Figures 2.4-2.6 quantify how the HIRAM at two horizontal resolutions approximates
observed cluster power behavior. Figures 2.4-2.5 compare HIRAM cluster power distributions
at multiple rain rate thresholds, and Fig. 2.6 overlays HIRAM-C360 and TRMM-3B42 cluster
power distributions at two rain rate thresholds. We also compare HIRAM cluster power
distributions with a simple model prototype at two rain rate thresholds (Fig. 2.6), investigating
whether or not the HIRAM captures the atmospheric dynamics behind the spatial
autocorrelation (e.g., the formation of clusters) of precipitation between neighboring grid cells.

Like the TRMM-3B42 dataset (Fig. 2.1), HIRAM cluster power distributions (Fig. 2.4-
2.5) are also scale-free along a power law range, have a cutoff around 10° GW, and display
little sensitivity to rain rate threshold along the power law range. Additionally, HIRAM
distribution least squares best-fit exponents (for the 0.7 mm hr* threshold) range from -1.36 to
-1.39, similar to the TRMM-3B42 analysis (-1.50/-1.42, Fig. 2.1-2.2). The lower resolution
simulation (C180) has a shorter scale-free region due to coarser resolution resulting in a larger
minimum cluster area and hence larger minimum cluster power. Otherwise, its scale-free
power law range and cutoff closely parallel that from the higher resolution simulation (Fig.
2.5).

Tail behavior sensitivity to rain rate threshold is quantified in Fig. 2.4. While TRMM-
3B42 distributions exhibit little sensitivity, HIRAM distributions do exhibit substantial
sensitivity above the cutoff for low rain rate thresholds. At rain rate thresholds below 0.3 mm
hr?, the cutoff shifts towards higher power. This finding is consistent with previous findings
that global climate models can overestimate light precipitation coverage (e.g., Dai 2006). Tails

converge at rain rate thresholds greater than 0.2 mm hr™, suggesting that it is important to
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exclude low rain rates from clusters and that higher minimum rain rate thresholds are more
robust for comparison with observations. For an illustration of the spatial behavior of modeled

precipitation clusters, refer to Appendix for Chapter 2 Fig. A3-A4.
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Fig. 2.4: Same as Fig. 2.1, but for GFDL-HIRAM AMIP simulations at two resolutions (C180 and
C360). For readability, HIRAM-C180 AMIP distributions have been shifted up vertically by a decade.
The least squares best-fit exponent before the cutoff is -1.36 for HIRAM C180 and -1.39 for HIRAM-
C360.
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Fig. 2.5: Same as in Fig. 2.4, but comparing modeled cluster power probability distributions between
resolutions for the 0.7 mm hr?! rain rate threshold, with no vertical shift of the HIRAM C180
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The comparison between TRMM-3B42 and HIRAM-C360 cluster power distributions
in Fig. 2.6 shows that, in general, the tail of the modeled power distribution at the 0.7 mm hr™
rain rate threshold more closely parallels the TRMM-3B42 distribution. Although their least
squares best-fit exponents are slightly different (-1.39 for HIRAM-C360, Fig. 2.4, -1.50 for
TRMM-3B42, Fig. 2.1), and the tail of the TRMM-3B42 distribution is longer, the tails for
both distributions at high power are very similar.

We also ask how HIRAM-C360 cluster power distributions compare to distributions
from a simple model prototype (Fig. 2.6), helping assess whether HIRAM can simulate the
atmospheric dynamics driving the formation of precipitation clusters. Our simple model
prototype is analogous to a statistical null hypothesis model, in that we compare HIRAM-C360
cluster power distributions to simple model prototype cluster power distributions in which the
spatial autocorrelation between grid cells has been removed. To build a simple model
prototype and remove the spatial autocorrelation, we select rain rate values for each grid cell
from random time steps, thereby preserving rain rate probabilities while removing spatial
autocorrelation (except aspects associated with spatial variations of probability in the
inhomogeneous basic state). In this study, simple model prototypes at rain rate thresholds of
0.3 mm hr'* and 0.7 mm hr™ are built and compared to HIRAM-C360 output, using HIRAM-
C360 data from 1 May-30 September 1979-1999. Model data are chosen in lieu of satellite data
due to a longer time series available for random sampling. The simple model prototype
distributions clearly have different structures than the observed/HIRAM distributions; the
power law range, if present, is too short to be clearly seen, and distinct cutoffs occur at

relatively low cluster power. This comparison suggests that the features of the cluster
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probability density function captured by HIRAM are not easily obtained, implying that

HIRAM reasonably simulates nontrivial atmospheric dynamics behind cluster formation.
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Fig. 2.6: Observed (TRMM-3B42) and modeled (HIRAM-C360 AMIP) Tropics cluster power
probability distributions for May-September 1998-2008 for rain rate thresholds 0.3 mm hr* and 0.7 mm
hr. Also plotted are cluster probability distributions at each rain rate threshold from a simple prototype
created by random selections from 1979-1999 HIRAM-C360 AMIP data that preserve probability
distributions at each point but not spatial correlations (see text). The distributions for the 0.7 mm hr*
rain rate threshold have been shifted up vertically by two decades to improve readability.

2.4.2 Cluster power distributions: future HIRAM output

Changes in the frequency of high cluster power events (e.g., tropical cyclones) may
have large societal repercussions. As a result, we examine changes in future cluster power
distributions (Fig. 2.7-2.9) by comparing historical (AMIP), mid-century (SST2030), and end-
of-century (SST2090) cluster power distributions at the 0.7 mm hr rain rate threshold used in
this study. Historical, mid-century, and end-of-century distributions are very similar to each
other before the cutoff, following the same long, scale-free power law range (Fig. 2.7). By end-
of-century, there is a clear signal in both simulations that indicates a shift towards higher

power in the tail region, implying more frequent intense precipitation clusters (Fig. 2.7). This

20



increase (for the highest three bins for which statistics can be calculated) ranges from a factor
of 3.34, 9.95, and 20.39, respectively (Fig. 2.8a) for the highest resolution simulation by end-
of-century. Additionally, if instead of considering changes to the probabilities of fixed bins, we
consider how the tail of the distribution extends, the probability corresponding to the highest-
power bin in the historical period shifts to higher power — for the end-of-century this
probability occurs for a power that has increased by approximately a factor of 1.6 relative to
current climate (Fig. 2.8a). Other studies (e.g., Knutson et al. 2013; Villarini et al. 2014;
Wehner et al. 2015) have compared changes in modeled rain rates under global warming
scenarios with changes expected under Clausius-Clapeyron (CC) scaling of humidity, so to test
a possible physical explanation for the increased probability of intense precipitation clusters by
end-of-century, we examine changes to cluster power distributions under a realistic global
warming scenario. The difference in mean global temperature between HIRAM-C360
SST2090 and AMIP experiments is +2.16 K, within the range of temperature increase
projected by Stocker et al. (2013). Assuming a 7% increase in relative humidity per 1 K
warming under the CC relationship, this represents a possible 15.12% increase in precipitation
under global warming. Given this warming, we multiply HIRAM-C360 AMIP rain rates (at the
0.7 mm hr* threshold) by a factor of 1.15, re-cluster (keeping the same threshold), and then re-
analyze this CC-scaled dataset, comparing its distribution of cluster power to HIRAM-C360
AMIP and SST2090 distributions.

The application of a CC-scaling factor to the HIRAM-C360 AMIP dataset does
increase frequency of the most powerful precipitation clusters and shift the tail region of the
CC-scaled dataset towards higher power compared to the original HIRAM-C360 AMIP dataset

(Fig. 2.8b). However, this application appears to only account for a fraction of the increased
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probability of the most intense precipitation clusters, suggesting that the increased probability
of the most intense precipitation clusters by end-of-century is significantly higher than that
expected based on a simple CC-scaling of precipitation intensity. Knutson et al. (2013) and
Wehner et al. (2015) also found that rain rate increases surrounding the cores (e.g., within 200
km) of intense tropical cyclones under global warming exceed rain rate increases that would be
expected solely under CC scaling of precipitation, hypothesizing a link between this

exceedance and the dynamics driving the intensity around the cores of intense tropical cyclones.
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Fig. 2.7: Same as Fig. 2.4, displaying a comparison of HIRAM cluster power probability distributions at
two resolutions for historical (AMIP, May-September 1998-2008) and future (SST2030/2090, May-
September 2026-2035/2086-2095) simulations for the 0.7mm hr™ rain rate threshold. HIRAM-C180
cluster power distributions have been shifted up vertically by a decade for readability.
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Fig. 2.8: As in Fig. 2.7, Fig. 2.8a displays the change in the distribution of cluster power between
historical (AMIP) and future (SST2090) simulations for the 0.7mm hr™ rain rate threshold using the
higher resolution HIRAM (C360), with probability increase factors displayed for selected bins above
the cutoff (vertical arrows). Horizontal arrow shows the estimated power increase for the probability
value at the highest bin that can be estimated in current climate. Figure 2.8b is the same as Fig. 2.8a,
with an additional comparison to the AMIP dataset with a CC-scaling factor applied (see text).

Lastly, visual inspection of 4,000 TRMM-3B42 and HIRAM-C360 AMIP cluster
power maps suggests that the synoptic meteorology of the storms represented in the model is
generally consistent with those in the observations and, further, that the meteorological features
in the SST2090 simulation are not qualitatively different from those in the present climate,

despite the differences in probability of large clusters. The western Pacific (e.g., the
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Philippines) is qualitatively a region of substantial impact from storms (particularly tropical
storms and typhoons) with cluster power in the highest three bins. Figure 2.9 shows an
illustration of storms for the historical and end-of-century periods in HIRAM. Both periods
exhibit qualitatively similar meteorology, with a higher frequency of storms from this high-

power bin, especially common over the western Pacific.
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Fig. 2.9: Same as Fig. 2.8a with insets showing examples of clusters from AMIP and SST2090
simulations from a high-cluster-power bin from the historical period.

2.5 Discussion

Observed precipitation cluster area and power distributions have been shown to exhibit
a power law range, with cutoffs at large cluster area and high cluster power (Peters et al. 2009,
2012). Cluster power here is defined as the precipitation integrated over contiguous
precipitating grid cells (for precipitation above a minimum threshold). Here we typically

express the cluster power in units of latent heat release, but it is equivalent up to a factor given
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by the latent heat of condensation to a rate of water mass loss over the cluster. Cluster power
distributions from the Tropics (30°N - 30°S) using precipitation data from the TRMM-3B42
satellite retrieval are compared to TRMM-3B42 cluster power distributions from the smaller
Atlantic-East Pacific domain. Observed cluster power distributions for both domains follow a
long, scale-free power law between 10 — 10° GW, and a rapid drop off in the frequency of
precipitation clusters with high cluster power thereafter. In units of mass loss, the cutoff near
10° GW is equivalent to approximately 10" kg hr''. The phenomena leading to these clusters
range from convective phenomena at the grid cell scale (approximately 25 km) and mesoscale
clusters through ITCZ disturbances and tropical cyclones. The cutoff at high power is largely
independent of rain rate in the observations, and here is found in a data set not limited by swath
width, or land versus ocean retrievals. This suggests that some set of physical factors within the
tropical climate system and the meteorology of storm aggregation must lead to the existence of
the cutoff.

HIRAM simulations at both resolutions for the historical period accurately reproduce
observed distributions at the 0.7 mm hr™ rain rate threshold, with similar least squares best-fit
exponents over the power law range (-1.5 for TRMM-3B42, -1.39/-1.36 for HIRAM-
C360/C180). At both model resolutions, the cutoff at high power is correctly produced near 10°
GW, suggesting that model resolution has little impact on simulating cluster power. However,
HIRAM cutoff values are sensitive to rain rate threshold, due to overly widespread occurrence
of low rain rates, but agree well provided the threshold is not too low.

To help differentiate the HIRAM simulation of the atmospheric dynamics driving the
aggregation of neighboring contiguous precipitating grid cells from simpler processes that

might be hypothesized to account for some of the effects, we construct a simple model
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prototype. Specifically, we remove the spatial autocorrelation between grid cells (randomizing
the time step from which the rain rate sample is drawn) while preserving rain rate probabilities
for each grid cell using HIRAM-C360 data from 1979-1999. We then run the same clustering
and binning procedures as run on the observed and HIRAM datasets at two rain rate thresholds.
Although clusters created by choosing values randomly at different grid points can in principle
yield power law ranges under certain conditions, the resulting simple model prototype cluster
power distributions behave very differently (e.g., do not exhibit a long power law range) than
the observed and HIRAM distributions. This implies that the atmospheric dynamics driving
cluster distributions in HIRAM are more complex than simply yielding reasonable probabilities
of precipitation. The long scale-free range in both observations and HIRAM but not in the
simplest prototype suggests that the length and slope of the scale-free range, as well as the
apparent change dynamical regimes in the cutoff, constitute interesting targets for explanation
in modeling of cluster aggregation.

Because the cutoff affects the probability of the highest cluster power events,
potentially very important for human impacts, changes to cluster power distributions under
global warming are examined. HIRAM cluster power distributions at both resolutions from the
future SST2030 and SST2090 experiments have the same long, scale-free range as historical
HIRAM output, but the cutoff tends to shift toward higher power. A natural simple hypothesis
to compare against for the increased probability of more intense storms by end-of-century, is a
CC-scaling of the precipitation to factor in the simplest impacts of temperature on humidity.
Specifically, a CC-scaling factor of 7% increase per degree of warming under the projected
change to mean global temperature (2.16 K, calculated using HIRAM-C360 AMIP and

SST2090 temperature data) was applied to the HIRAM-C360 AMIP dataset before running the
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same clustering and binning procedures. The resulting cluster power distribution with this
hypothetical CC-scaled precipitation lies between the original AMIP and SST2090 cluster
power distributions, indicating that the change in future cluster power distributions
considerably exceeds expectations based on a simple CC-scaling of rain rates.

The shift of the cutoff toward higher cluster power in the warmer climate has a
substantial impact on the frequency of occurrence of the largest storms. Examining the high-
power part of the distribution using bin widths for which the three highest bins span a factor of
4 in storm power (2 x 10° GW to 8 x 10°> GW), the change in probability increases
monotonically through this range. The probability of high cluster power events from the three
highest-power bins beyond the historical cutoff increases by a factor of roughly 3 for the third
highest bin to a factor of 20 for the highest bin for which cluster power statistics can be
computed. Geographically, this increase becomes especially apparent over the western Pacific,

where many of the largest clusters occur.
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Appendix for Chapter 2

-10
10 T T T T
TRMM-3B42 Info:
Lat. Res.: 0.25deg a RR20.Imm/he ——
Lon. Res.: 0.25deg ™ § RR2 0.2mm/hr ——
30S-30N, all longitudes
8 , RR20.3mm/hr
10-12 - . : RR20.4mm/hr |
\-.\;Z-\‘_: RR20.5mm/hr ___
B,
b\g\ RR2 0.7mm/hr
= g
2 107 8
[ g
Q :
> Y
-:
:C.; 16
210 g
o]
=4
o
-18
10 '+ 5
10'20 PP e | PR S U Rrarany | Leeal Py | 04
8 9 10 1 12 13
10 10 10 10 10 10

Cluster Area (sq m)
Fig. Al: Similar to Fig. 2.1 of the main text, but for probability of cluster area, i.e., area (m?) of cluster

of contiguous pixels exceeding the specified rain rate threshold, and for a shorter sample of years
(2004-2007). Distributions are displayed for individual years to provide a sense of reproducibility.
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3 Distributions of Tropical Precipitation Cluster Power and Their
Changes Under Global Warming: Part 11

3.1 Abstract

Distributions of precipitation cluster power (latent heat release rate integrated over
contiguous precipitating pixels) are examined in 1-2° resolution members of the Coupled
Model Intercomparison Project Phase 5 (CMIP5) climate model ensemble. These
approximately reproduce the power law range and large event cutoff seen in observations and
the High Resolution Atmospheric Model (HIRAM) at 0.25-0.5° in Chapter 2. Under the
Representative Concentration Pathway (RCP) 8.5 global warming scenario, the change in the
probability of the most intense precipitation clusters appears in all models and is consistent
with HIRAM output, increasing by up to an order of magnitude relative to historical climate.
For the three models in the ensemble with continuous time series of high resolution output,
there is substantial variability on when these probability increases for the most powerful
precipitation clusters become detectable, ranging from detectable within the observational
period to statistically significant trends emerging only after 2050. A similar analysis of
National Centers for Environmental Prediction (NCEP) Reanalysis 2 and Special Sensor
Microwave Imager and Sounder (SSM/I and SSMIS) rain rate retrievals in the recent
observational record does not yield reliable evidence of trends in high-power cluster
probabilities at this time. However, the results suggest that maintaining a consistent set of
overlapping satellite instrumentation with improvements to SSM/I-SSMIS rain rate retrieval
inter-calibrations would be useful for detecting trends in this important tail behavior within the

next couple of decades.
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3.2 Introduction

Characterizing the current state of organized tropical convection and projected changes
under global warming is important due to the potentially large socioeconomic impacts
associated with such changes. A survey of studies examining Coupled Model Intercomparison
Project Phase 3 (CMIP3) and CMIP5 coupled climate models shows a projected increase in
extreme precipitation event frequency and intensity by the end of the 21% Century (e.g.,
Tebaldi et al. 2006; Kharin et al. 2007, 2013; Sillmann et al. 2013), though uncertainties
emerge in both observational (e.g., Easterling et al. 2000; Alexander et al. 2006; Kharin et al.
2007, 2013; Lenderink and Van Meijgaard 2008; Allan et al. 2010) and global scale modeling
research (e.g., Tebaldi et al. 2006; Kharin et al. 2007, 2013; Allan and Soden 2008; Allan et al.
2010; Sillmann et al. 2013) in recent and future climate. One potential source of uncertainty in
extreme precipitation projections is an inadequate representation of important physical
processes associated with convection in climate models (e.g., Kharin et al. 2007) including
convective organization (e.g., Tan et al. 2015). With the advent of high spatial and temporal
space-borne passive microwave imagers, much has been learned about convective organization
based on satellite retrieved precipitation products (e.g., Huffman et al. 2007; Allan and Soden
2008; Allan et al. 2010), though such platforms are not without limitations (e.g., McCollum
and Ferraro 2003; Hilburn and Wentz 2008; Bowman et al. 2009; Allan et al. 2010; Chen et al.
2013). There is thus a need for studies that examine measures of convective organization in
observations, in comparison to models and in terms of their potential changes under global
warming.

In Chapter 2, we build an observational baseline of tropical precipitation integrated
over contiguous clusters using high resolution satellite data with complete spatial coverage.
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This is motivated by previous observational studies of cluster behavior in various space or time
measures (Mapes et al. 2009; Peters et al. 2009, 2010, 2012; Wood and Field 2011; Skok et al.
2013). The integrated precipitation over a cluster can equivalently be expressed as an
integrated latent heat release or cluster power. The probability distribution of cluster power is
shown to follow a long, scale-free power law, with a distinct cutoff, i.e. a more rapid drop in
probability at high power. We then show that the High Resolution Atmospheric Model
(HIRAM) with prescribed sea surface temperatures (SST) at 2 resolutions accurately simulates
these observed cluster power statistics. We also examine HIRAM output from middle and end-
of-century simulations, finding large increases in the frequency of the most powerful clusters
under a “business as usual” global warming scenario. These increases exceed those expected
under simple Clausius-Clapeyron scaling of precipitation.

Here, we compare Special Sensor Microwave Imager (SSM/I) and Special Sensor
Microwave Imager/Sounder (SSMIS) cluster power distributions with Tropical Rainfall
Measuring Mission (TRMM) 3B42 data, to ensure consistency across satellite rain rate
retrievals. We then examine cluster power distributions over the SSM/I-SSMIS observational
record to check for changes in the frequency of the most powerful precipitation clusters in
recent climate. Trends uncovered in the analysis of the satellite data record are next compared
to an analysis of cluster power distributions from the National Centers for Environmental
Prediction (NCEP) Reanalysis 2 observationally-constrained modeled precipitation dataset. We
then analyze cluster power distributions from an ensemble of high resolution models from the
Coupled Model Intercomparison Project Phase 5 (CMIP5) under the Representative
Concentration Pathway (RCP) 8.5 global warming scenario. We i) check if the model ensemble

adequately reproduces cluster power distributions in current climate in observations and in
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HIRAM; ii) verify that coupled models yield end-of-century changes consistent with those
simulated in HIRAM; and iii) conduct a time series analysis of the probabilities of clusters

from the highest-power bins to inform expectations for detectability.

3.3 Data and Methods

Observational rain rate data are retrieved from the SSM/I and SSMIS platforms
onboard polar orbiting Defense Meteorological Satellite Program (DMSP) satellites. The
SSM/I platform flew onboard the F08, F10, F11, F13, F14, and F15 DMSP satellites from
1987-2009 (Wentz 2013). SSMIS data come from the F16 and F17 DMSP satellites, beginning
in May 2004 (Wentz et al. 2012). Our goal is to use cluster power computed from the SSM/I-
SSMIS time series as a reliable indicator of recent historical cluster power behavior because
the period for which SSM/I-SSMIS data are available (1987-present) is longer than the period
over which TRMM-3B42 data (1998-2015) are available, presenting a more complete
observational record of tropical precipitation data.

SSM/I-SSMIS rain rate data are retrieved using the V7 algorithm (in mm hr), are
available twice daily, over oceans, at 0.25° x 0.25° latitude-longitude resolution (Wentz et al.
2012), and similar to Part I, we confine our time domain to 1 May to 30 September. Rain rates
and other data retrieved from these platforms are highly inter-calibrated, with further details
noted in Wentz et al. (1998, 2012, 2013) and Yan and Weng (2008). Since SSMIS swath width
is 300 km wider than SSM/I swath width (NSIDC 2016), we also test SSM/I-SSMIS cluster
power distributions for sensitivity to the swath width difference over the complete SSM/I-
SSMIS platform overlap period (2004-2009) by comparing SSM/I, SSMIS, and SSMIS cluster

power distributions that have had their swath width narrowed to match SSM/I swath width. On
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average, each SSM/I swath is 16 pixels narrower than each SSMIS swath over the Tropics
between 30°S - 30°N, so to match SSM/I and SSMIS swath widths, we run a simple procedure
that masks eight pixels on each side of every SSMIS swath prior to running our clustering and
binning procedures.

We first compare SSMIS cluster power distributions for 2004-2009, examining cluster
power sensitivity to the same minimum rain rate thresholds used in Chapter 2. Then, we
compare the cluster power distribution at the highest minimum rain rate threshold used in this
study (0.7 mm hr') from the TRMM-3B42 retrieval to SSM/I-SSMIS distributions at the same
threshold retrieved over 2004-2009, assessing storm cluster behavior across multiple satellite
rain rate retrievals. As noted in Chapter 2, TRMM-3B42 rain rate data (here, 2004-2009 only)
are merged from sensors onboard the TRMM spacecraft and other satellites to provide 3-hourly
rain rate retrievals (mm hr) at 0.25° x 0.25° latitude-longitude resolution, over land and ocean
(Huffmann et al. 2007; Huffmann and Blovin 2014; TRMM 2015). TRMM-3B42 rain rate
retrievals from only 00 UTC and 12 UTC are included in this study, in order to optimize the
comparison with twice-daily SSM/I-SSMIS data.

Next, we evaluate cluster power behavior in recent climate using an observationally-
constrained model. Modeled precipitation flux data (kg m™ s™) from the National Centers for
Environmental Prediction (NCEP) Reanalysis 2 dataset present a data record extending back to
1979, so are compared against satellite retrievals to characterize trends in cluster power
behavior in the historical period. NCEP Reanalysis 2 data are available every six hours at a
horizontal resolution of approximately 2° Lat x 2° Lon (Kanamitsu et al. 2002), though only

data from 00 UTC and 12 UTC are incorporated here.
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CMIP5 Resolution (Lat x

Modeling center or group (institute ID) model Lon) Data Availability
1979-2005, 2026-2045,
National Center for Atmospheric Research (NCAR) CCSM4 1.0x1.25 2081-2100
Centre National de Recherches Meteorologiques CNRM- 1979-2005, 2026-2045,
(CNRM) CM5 1.4x1.4 2081-2100
EC-
EC-EARTH consortium (EC-EARTH) EARTH 1.12 x 1.125 1979-2100
HadGEM2- 1979-2005, 2026-2045,
Met Office Hadley Centre (MOHC) ES 1.25x 1.875 2081-2099
1979-2005, 2026-2045,
Institute for Numerical Mathematics (INM) INM-CM4 1.5x2.0 2081-2100

Atmosphere and Ocean Research Institute (The
University of Tokyo),

National Institute for Environmental Studies, and Japan
Agency for MIROC5 14x1.4 1979-2100

Marine-Earth Science and Technology (MIROC)

MRI-
Meteorological Research Institute (MRI) CGCM3 1.1x1.1 1979-2100

Table 3.1: CMIP5 modeling centers and models used, with specified spatial resolution and data
availability.

Lastly, we examine if a suite of coupled CMIP5 models (Table 2.1), chosen for
relatively high spatial (e.g., less than 2% and temporal (e.g., 3-hourly) resolution, exhibits
changes in frequency and intensity of the most powerful precipitation clusters in recent, mid-
century, and end-of-century climate under RCP8.5. In Chapter 2 we find that the portion of the
distribution showing the most change corresponds to the events likely to have the most impact
(i.e., highest cluster power), so we i) analyze if the probability of precipitation clusters from the
highest-power bins increases in the future, ii) quantify the magnitude of such probability
changes, and iii) determine when changes first become detectable (as a statistically significant
linear trend) compared to climatology. As in Chapter 2, we only include cluster power data
from 00 UTC and 12 UTC, follow the same clustering procedure and cluster power calculation,
and confine our analysis to the Tropics (globally from 30°N-30°S) from 1 May to 30
September.

To calculate cluster power, we follow a similar contiguous precipitating pixel approach

described in Peters et al. (2012) and Chapter 2, first masking cells not meeting the 0.7 mm hr™
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minimum rain rate threshold. Contiguous precipitating cells with rain rates meeting this
threshold then have their rain rates converted to the instantaneous latent heat release per grid
cell, which are in turn integrated over a cluster to obtain cluster power, in units of gigawatts
(GW). We convert rain rate into a measure of latent heat release as it quantifies the
instantaneous amount of energy released over a storm and directly ties into the Earth’s energy
budget.

To ensure that we have enough counts for statistical analysis in the uppermost power
bins, our binning procedure in building probability distributions is as follows. Bins are chosen
with a nominal width that is constant in log space, so that the bin width increases smoothly as
probabilities drop. The increments of cluster size are quantized to multiples of the minimum
cluster size, so to ensure that the bin spacing is consistent with this, bin widths are adjusted to
the integer multiple of the minimum cluster size that is closest to the nominal bin width. In
practice this affects only the lower bins. After an initial binning with nominal log bin width of
0.2, the number of clusters in the highest-power non-zero bin in the historical period is
examined. If the number of clusters in the highest-power non-zero bin in the historical period is
less than an average of one cluster per year, we increase the nominal bin width slightly
(roughly 1% in log space typically suffices) and redo the binning procedure, checking that the
number of bins with nonzero counts is decreased by 1. Because probabilities are dropping
steeply near the highest bin, the small shift of the bin boundaries is sufficient to increase cluster
counts in the highest bin. We then apply the same bin boundaries to future climate runs of the
same dataset. In practice, this simple adjustment procedure yields improved statistical
significance for the highest bin for comparison between recent climate and future climate

output.
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3.4 Analysis

3.4.1 Cluster Power Distributions and Probability Trends for High-Power Clusters in
Observations (Fig. 3.1-3.4)

We evaluate the current state of tropical cluster power behavior across multiple satellite
retrievals (SSM/I, SSMIS, and TRMM-3B42) and an observationally constrained model
(NCEP Reanalysis 2) in Fig. 3.1, investigating if cluster power distributions for recent climate
mirror the general behavior described in Chapter 2. In Fig. 3.2 and 3.3, we examine the SSMIS
retrieval for changes in the probability of the most powerful precipitation clusters resulting
from the swath width difference between the SSM/I and SSMIS platforms. We first inter-
compare rain rate percentiles from the SSM/I and matched-swath-width SSMIS datasets, then
analyze probability densities from the highest-power bins for the SSM/I, SSMIS, and matched-
swath-width SSMIS datasets. As shown in Chapter 2, the largest changes in cluster power
behavior occur in the high-power bins beyond the cutoff. So, in Fig. 3.3 and 3.4, we perform a
time series analysis of the probability density of clusters in the four uppermost high-power bins
for SSM/I-SSMIS datasets and NCEP Reanalysis 2 output for which sufficient counts are
available, describing any changes to the frequency of precipitation clusters in the most
powerful bins.

Cluster power distributions (Fig. 3.1, bottom) from the SSMIS platform (F16) at
multiple rain rate thresholds display little sensitivity while also having similar scale-free power
law ranges and cutoffs as the TRMM-3B42 cluster power distributions in Chapter 2. In the
middle set of curves, the observed cluster power distributions for SSM/I (F13), SSMIS, and
matched-swath-width SSMIS datasets at the 0.7 mm hr™ rain rate threshold all have the same

scale-free power law range and cutoff, closely paralleling the TRMM-3B42 cluster power
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distribution with a sharp drop in the frequency of precipitation clusters in the highest-power
bins beyond 10° GW. Beyond the cutoff, the tail of the TRMM-3B42 distribution shifts
towards higher power and includes two extra high-power bins compared to the SSM/I-SSMIS
distributions. The TRMM-3B42 dataset contains merged rain rates from multiple platforms, so
unlike SSM/I-SSMIS platforms, there are no gaps in spatial coverage that limit cluster area.
This implies that TRMM-3B42 output includes larger clusters, which results in the TRMM-
3B42 distribution containing two extra high-power bins.

SSM/I-SSMIS and TRMM-3B42 data records only extend back to 1987 and 1998,
respectively. For a more complete picture of cluster power behavior in recent climate, we
analyze cluster power behavior in the NCEP Reanalysis 2 precipitation dataset, whose data
record begins in 1979. NCEP Reanalysis 2 cluster power distributions for 1979-2014 at the 0.7
mm hr! rain rate threshold (for entire timeframe and 7-8 year subsets) are plotted in the top set
of curves in Fig. 3.1. For reference, the NCEP Reanalysis 2 cluster power distribution from
2004-2009 is re-plotted with the middle set of curves to compare with observed data. Because
the NCEP Reanalysis 2 output has a comparatively coarse resolution, its scale-free, power law
range begins at higher power and contains fewer bins than the observed scale-free, power law
range. Even so, Reanalysis cluster power distributions qualitatively agree with observed data,
with a slight shift in the cutoff towards higher power. Furthermore, we find little variation in
cluster power behavior between 1979 and 2014, the implications of which will be further
examined in Fig. 3.4.

SSM/I (F13) and matched-swath-width SSMIS (F16) rain rate retrievals for May-
September 2004-2009 display a high degree of agreement, suggesting consistency of inter-

calibration (Fig. 3.1 and 3.2), consistent with previous SSM/I-SSMIS calibration research
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noted in Yan and Weng (2008) and Sun and Feng (2008). SSM/I-matched-swath-width SSMIS
cluster power distributions closely parallel each other (Fig. 3.1), rain rate percentiles correlate
highly (r = 0.9987, Fig. 3.2), and the least squares best-fit line through the rain rate percentiles
is nearly one-to-one (Fig. 3.2), suggesting that the current inter-calibration should suffice for
most purposes. Furthermore, we expect that that by matching SSMIS and SSM/I swath widths,

we should be able to construct a complete time series of observed cluster power behavior since

1987.
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Fig. 3.1: (Bottom) Probability distributions of cluster power, i.e., precipitation integrated over clusters
of contiguous pixels exceeding the specified rain rate threshold, from the SSMIS (F16 satellite)
precipitation product over the Tropics for 1 May-30 September 2004-2009, shifted down one decade
vertically for readability. (Middle) Comparison of cluster power probability distributions for the 0.7
mm hr? rain rate threshold from TRMM-3B42, SSM/I (F13 satellite), matched-swath-width SSMIS
(F16 satellite), and NCEP Reanalysis 2 precipitation products, 1 May-30 September 2004-2009. (Top)
NCEP Reanalysis 2 precipitation product cluster power probability distributions for the 0.7 mm hr™ rain
rate threshold for 1979-2014, subdivided into periods shown, shifted up two degrees vertically for
readability.
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Fig. 3.2: Scatterplot of rain rate percentiles meeting the 0.7 mm hr™ rain rate threshold from SSM/I
(F13 satellite) and matched-swath-width SSMIS (F16 satellite) precipitation products, 1 May-30
September 2004-2009. The correlation coefficient between precipitation products, least squares best-fit
line and one-to-one line are also plotted for reference (from 0 to 10 mm hr™).

Figure 3.3 contains overlapping probability densities broken out by the four highest-
power bins for all satellites carrying the SSM/I and SSMIS platforms for 1987-2015. The gap
between SSM/I and SSMIS time series indicates that the precision of inter-calibration needed
to construct a continuous SSM/I-SSMIS time series of probability in these upper bins does not
appear to be met by the current inter-calibration. It may also be noted that the swath width
matching procedure appears to have a modest impact in connecting the SSM/I-SSMIS time
series. When trends in the cluster probabilities in the four highest bins 17-20 are computed
over the entire time series, each gives a statistically significant positive trend (by a Student’s t-
test at the 95% level). Thus a naive blending of the satellite series might appear to give a
positive trend. However, given the apparent calibration jump between the SSM/I and SSMIS
time series for bins 17-19, this serves as a cautionary statement on the necessity of carefully
examining the calibration. Probability trends for cluster probabilities for power within the
highest bins 17-19 are computed separately for each of the SSM/I and SSMIS platforms; for
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the short time series for the separate platforms, these trends fail to pass a Student’s t-test at the
95% level. For the highest-power bin (bin 20), there is less calibration jump between the SSM/I
and SSMIS time series. However, one should be duly cautious regarding the statistically
significant increase in probability in this bin given the calibration issues noted in the others. A
more careful inter-calibration of these satellites could potentially permit trend detection for

cluster probabilities.
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Fig. 3.3: Time series plots of probability densities from the four highest cluster power bins for which
statistics can be computed (bins 17-20) for each SSM/I, SSMIS, and matched-swath-width SSMIS
precipitation product for the 0.7 mm hr rain rate threshold, 1 May-30 September 1987-2015. Also
plotted are least squares best-fit trend lines for the SSM/I and SSMIS platforms.
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In Fig. 3.4 we also check for an upward trend in the probability of high-power
precipitation clusters in recent climate by analyzing time series plots of probability densities
from four of the five highest-power bins using NCEP Reanalysis 2 model output. The time
series from the highest-power bin (bin 14) is excluded due to insufficient storm counts over the
observed period. The upward trend line in bin 10 (Fig. 3.4a), of approximately 15% increase
over the 26 year period, passes a Student’s t-test at the 95% level. However, the trends in bins
11-13 do not pass this test at the 95% level, possibly associated with the fewer counts per bin
in these higher bins. For the signature seen in Chapter 2 in end-of-century runs, the expectation
would be for consistency of trend among the high-power bins, i.e., consistency of the upward
trend displayed in bin 10 with a corresponding increase in the probability of precipitation
clusters in bins 11-13. While these results do not preclude tends being detectable in other
measures, it does indicate difficulty in detecting significant trends for detailed breakdown of

the changes in probability of high-power precipitation clusters in recent climate.
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Fig. 3.4: Same as Fig. 3.3, but for the NCEP Reanalysis 2 precipitation product.
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3.4.2 Cluster Power Distributions and Probability Trends for High-Power Clusters in
CMIP5 Models (Fig. 3.5-3.8)

In Chapter 2 historical and future cluster power distributions from a high resolution
atmosphere model at two horizontal resolutions (HIRAM-C360 and C180) are analyzed. When
compared to observed (e.g., TRMM-3B42) cluster power statistics, cluster power distributions
at both resolutions compare favorably with each other and observations, with a similar scale-
free, power law range, cutoff near 10° GW, and sharp decrease in the probability of the most
intense precipitation clusters thereafter. Additionally, the behavior of the HIRAM cluster
power distributions shows little resolution dependence but in the region of greatest impact (e.qg.,
the highest cluster power bins beyond the cutoff), high sensitivity to a minimum rain rate
threshold. Without attempting to examine when a signal emerges, we also find that the
probability of precipitation clusters from the region of greatest impact increases, relative to
recent climate, by a factor ranging from 3 for the third highest-power bin to a factor of 20 for
the highest-power bin by end-of-century. In Fig. 3.5-3.8, we investigate cluster power behavior
from a suite of seven high resolution CMIP5 models under the RCP 8.5 scenario for recent,
mid-century, and end-of-century climate. Figure 3.5 displays cluster power distributions from
the model ensemble with their corresponding changes to the frequency of the highest-power
precipitation clusters by middle and end-of-century, relative to recent climate, and Fig. 3.6-3.8
examine when a statistically significant signal emerges for the 3 CMIP5 models in our study
that have a continuous time series of data available for 1979-2100.

Cluster power distributions in Fig. 3.5 indicate that our ensemble of CMIP5 models
generally have similar scale-free, power law ranges, cutoffs, and sharp decreases thereafter as
observations and HIRAM model output. There is a substantial increase in the frequency of

clusters (up to an order of magnitude) with power in the highest bins by end-of-century, also
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similar to HIRAM projections. Changes by mid-century are less clear. Three CMIP5 models
(CNRM-CM5, INMCM4, and MIROCS) exhibit little to no change in cluster power behavior
by mid-century, while the other models (HadGEM2-ES, CCSM4, EC-EARTH, and MRI-
CGCM3) are more consistent with mid-century projections displayed by the HIRAM

simulations in Chapter 2.
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Fig. 3.5: Historical, mid-century, and end-of-century cluster power probability distributions from seven
high-resolution CMIP5 models for the 0.7mm hr™ rain rate threshold. For readability, all cluster power
probability distributions except for MRI-CGCM3 have been shifted vertically down by 3 to 18 decades,
respectively. Historical period: 1979-2005. Mid-century RCP 8.5 period: 2026-2045 (CNRM-CM5,
CCSM4, HadGEM2-ES, INMCM4), 2025-2050 (MRI-CGCM3, EC-EARTH, MIROCS5). End-of-
century RCP 8.5 period: 2081-2100 (CNRM-CM5, CCSM4, HadGEM2-ES, INMCM4), 2075-2100
(MRI-CGCM3, EC-EARTH, MIROCS).



Additionally, the three models with continuous data through end-of-century (Fig. 3.6-
3.8) have considerable spread as to when changes to the probability of the most intense storms
become detectable. For the MRI-CGCM3 model (Fig. 3.6), a statistically significant upward
trend (using a Student’s t-test at the 95% level) emerges between 2020 and 2033. Bin 12 shows
a statistically significant upward trend detectable by 2020, comparable to the trend that
emerges by 2014 in bin 10 of the NCEP Reanalysis 2 dataset. Precipitation clusters having
power falling within bins 12-14 become 2 (bin 12) to 4 times (bin 14) more frequent by end-of-
century, relative to their historical mean values (1979-2014), and the frequency of storms from

the highest-power bin (bin 15) increases by a factor of 7.
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For the EC-EARTH model (Fig. 3.7), a statistically significant upward trend (also using
a Student’s t-test at the 95% level) emerges between 2004-2018 for bins 11-13, similar to the
trends that emerge in bin 10 of the NCEP Reanalysis 2 dataset and bin 12 of the MRI-CGCM3
model. In the highest-power bin shown (bin 14), an upward trend is not significant until 2030.
Modeled EC-EARTH storms with their power falling within bins 11-13 become 1.4 to 4 times
more frequent by end-of-century, respectively, relative to their historical mean values, and
precipitation clusters from the highest-power bin shown (bin 14) become 13 times more
frequent. The end-of-century frequency increases for all MRI-CGCM3 and EC-EARTH bins
shown in Fig. 3.6 and 3.7 fall above one standard deviation around their historical mean values,
implying that the end-of-century increase in the frequency of high-power precipitation clusters

is unprecedented compared to recent climate.
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Fig. 3.7: Same as Fig. 3.6, but for EC-EARTH model.
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The frequency of the most powerful precipitation clusters from the MIROC5 model
(Fig. 3.8) show much greater interannual variability, compared to the EC-EARTH and MRI-
CGCM3 output. The upward trends for MIROCS do not become statistically significant until
after 2060, possibly due in part to the large degree of interannual variability. The relative
magnitude of the increased probability of powerful storms in the MIROCS5 model only ranges
from a factor of 1.16 to 1.51, respectively, less than the increases projected in the MRI-
CGCM3 and EC-EARTH models. Additionally, only the trends from bins 11 and 12, not bins

13 and 14, fall above one standard deviation, relative to their historical mean.
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Fig. 3.8: Same as Fig. 3.6, but for MIROC5 model.
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3.5 Discussion

Here we examine distributions of storm cluster power over the Tropics using satellite
rain rate retrievals (SSM/I-SSMIS and TRMM-3B42) and NCEP Reanalysis 2 precipitation
data, with SSM/I-SSMIS and TRMM-3B42 distributions, in general, closely paralleling each
other. Specifically, SSM/I-SSMIS cluster power distributions show little variation by rain rate
threshold and have the same scale-free power law region and cutoff at high cluster power as
TRMM-3B42, indicating that gap width does not affect the cutoff. NCEP Reanalysis 2 cluster
power distributions begin at higher power due to coarser resolution and cut off at slightly
higher power than observations, but even so, approximate the same form as the observed
cluster power distributions.

Since the SSM/I-SSMIS data record extends back to 1987, we also analyze SSM/I-
SSMIS rain rate data for changes to storm cluster power behavior in recent climate. SSMIS
swaths are approximately 300 km wider than SSM/I swaths, so to test cluster power statistics
for sensitivity to swath width, we run a procedure where we narrow SSMIS swaths to match
SSM/I swath width at the 0.7 mm hr rain rate. The swath width calibration has only a modest
impact, as SSM/I and matched-swath-width SSMIS rain rate percentiles are highly calibrated
(e.g., the correlation coefficient between retrievals equals 0.9987) and have a least squares
best-fit line that is nearly one-to-one. Despite the high degree of calibration, the probabilities of
the most intense precipitation clusters from the four highest-power bins broken out into time
series by satellite display a discontinuity between SSM/I, SSMIS, and matched-swath-width
SSMIS retrievals, such that for the level of difference we are trying to detect here, the current
SSM/I-SSMIS calibration is insufficient. Some of the highest-power bins in both the SSM/I-
SSMIS and NCEP Reanalysis 2 datasets do show an increase in the probability of the most
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powerful precipitation clusters in recent climate, but given the instrumentation, these trends
may not be reliable. Improvements to SSM/I-SSMIS rain rate retrieval inter-calibrations and
overlapping satellite instrumentation would be useful for detecting trends in cluster power
behavior within the next couple of decades. Any gap in satellite coverage, especially with
consistent instrumentation potentially hinders such efforts. Given the termination of the DMSP
program, canceled launch of the F20 satellite, degradation of data from the F17 satellite and
failure of the F19 satellite, data record continuity may be an important consideration.

Cluster power distributions from our ensemble of CMIP5 models begin at higher power
than our observed datasets, and thus have shorter scale-free regions. Even so, all of the CMIP5
models reasonably reproduce the scale-free region with approximately the same exponent and
cutoff as in observations here and in Chapter 2. By end-of-century, we see a consistent trend
towards more frequent high-power precipitation clusters across all models, with the probability
of precipitation clusters from the highest-power bin (for which statistics can be computed)
increasing by up to an order of magnitude, relative to historical climate, matching HIRAM
trends uncovered in Chapter 2.

Given that these models generally agree on end-of-century changes, we investigate the
timeframe on which statistically significant increases in the probability of the most intense
storms appear in the three models of our ensemble that have a continuous data record through
end-of-century. A time series analysis of two of the three models with continuous data (MRI-
CGCM3 and EC-EARTH) show a statistically significant increase in the probability of the
most intense precipitation clusters in near future, even for these metrics that break down the
probability trends as a function of storm size. On the other hand, the third model (MIROCS5)

does not display a detectable signal until after 2050. Interannual variability is much greater in
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the MIROCS, which may affect detectability. Having more high resolution CMIP models with
continuous data records extending through end-of-century would help narrow the uncertainty

surrounding detectability.
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4 Precipitation Clusters in Boreal Winter Storm Tracks in Current
Climate and Projected Changes Under Global Warming

4.1 Abstract

Probability and spatial distributions of the mass of water released in precipitation
clusters (i.e., over contiguous precipitating grid cells) provide potentially useful metrics of
changes in the most powerful mid-latitude storms during boreal winter under global warming.
Observed probability distributions of cluster power from the Tropical Rainfall Measuring
Mission (TRMM-3B42) rain rate product follow a scale-free power law range up to a distinct
cutoff at high power, after which probabilities of the most powerful events decrease more
rapidly. Simulated historical cluster power distributions from the High Resolution Atmospheric
Model, seven 1- 2° resolution members of the Coupled Model Intercomparison Project Phase 5,
and ten members of the National Center for Atmospheric Research Large Ensemble
qualitatively capture the power law range and cutoff, although the cutoff occurs at lower power
compared to observations. End-of-century changes in the frequency of large clusters from the
highest-power bin relative to recent climate suggest that the frequency of the most intense
storms will increase by factors ranging from 2 to 7. Spatial distributions of observed
precipitation-weighted storm centroids with power exceeding 10" kg H,O hr' provide a
baseline of high-power clusters in recent climate. Spatial distributions of these storm centroids
in historical climate simulations agree well with observed spatial distributions. Simulated end-
of-century centroid spatial distributions clearly show storm track changes, with an extension of
the North Pacific storm track guiding more high-power storms onto the US West Coast in 8 of

9 models, and eastern North America exhibiting high-power storm increases in all nine.
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4.2 Introduction

In Chapters 2 and 3 we assess storm cluster behavior over the Tropics during May-
September in recent and future climate, using a variety of observational and model datasets.
We find that distributions of storm cluster power (i.e. precipitation integrated over contiguous
precipitating grid cells meeting a minimum rain rate threshold) are scale-free and follow a
power law until a cutoff at high power. Beyond this cutoff, the frequency of the most intense
precipitation clusters decreases rapidly. This pattern is consistent across all observed and
modeled datasets we analyze. Furthermore, we find that the frequency of the most intense
storms is projected to increase by up to an order of magnitude compared to recent climate
across a suite of Coupled Model Intercomparison Project Phase 5 (CMIP5) global coupled
climate models (1-2° resolution) and the High Resolution Atmosphere Model (HIRAM, 0.25-
0.5° resolution). Detectability of these changes in short satellite records of recent climate is
uncertain, owing to uncertainties in observations and interannual variability.

In this chapter we address precipitation clusters over the Northern Hemisphere during
boreal winter. Certain mid-latitude regions (e.g., California), receive much of their annual
precipitation during boreal winter (defined here as January-March) (i.e., Cayan and Roads
1984; Chang et al. 2015), with the majority of the precipitation associated with frontal systems.
The organization of the most intense precipitation into mesoscale clusters embedded within
frontal systems has been noted in numerous observational studies since the 1960s (i.e., Nagle
and Serebreny 1962; Elliot and Hovind 1964,1965; Kreitzberg 1964; Nozumi and Arakawa
1968; Kreitzberg and Brown 1970; Austin and Houze 1972; Hobbs et al. 1980; Houze and
Hobbs 1982). These fronts connect to conveyor belts transporting large amounts of water vapor
horizontally and vertically, in extreme cases sometimes referred to as atmospheric rivers
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(Browning and Pardo 1973; Ralph et al. 2006; Ralph et al. 2011; Dettinger 2011; Dettinger et
al. 2011, Stohl et al. 2008; Lavers et al. 2011; Lavers and Villarini 2013; Dacre et al. 2015).
Changes to the locations and intensity of these storms can have large impacts. Frontal systems
can be tracked by low pressure center positions or water vapor transport (Dacre et al. 2015;
Lavers et al. 2016). The definition of precipitation clusters that we use in this study captures a
consistent set of precipitation statistics associated with all of the above phenomena, from the
mesoscale to synoptic scale, from which we can derive measures of both location and intensity
changes.

There are consistent trends in climate change research describing changes in
precipitation extremes under global warming. For example, at a global scale, wet areas are
projected to get wetter and dry areas are projected to get drier (Meehl et al. 2007; Trenberth
2011; Collins et al. 2013; Maloney et al. 2014; Seager et al. 2014b), with more frequent and
more intense extreme precipitation events depicted in numerous CMIP3 and CMIP5 studies
(e.g., Tebaldi et al. 2006; Kharin et al. 2007, 2013; Sillman et al. 2013) by the end of the 21
Century. As for storm track and intensity changes under global warming, modeling studies by
Hall et al. (1994) and Yin (2005) note poleward shifts in mid-latitude storm tracks, along with
increased eddy kinetic energy (Hall et al. 1994) over the North Atlantic and increased
baroclinicity and poleward shift in precipitation (Yin 2005).

At a regional scale, Neelin et al. (2013) describe the relationship between precipitation
changes for California under global warming using output from 15 CMIP5 models, suggesting
that an extension of the subtropical jet correlate with projected changes to the North Pacific
storm track and California precipitation. Previous modeling studies (i.e., Held et al. 1989; Chen

and Van den Dool 1997; Straus and Shukla 1997) also describe the relationship between the jet
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stream, EI Nino and the frequency over which storms are directed towards the California coast.
Chang et al (2015) also finds that this relationship between the extension of the subtropical jet
and West Coast precipitation holds true in interannual variability and under global warming,
using band-passed-filtered sea level pressure variance of low pressure centers in observations
and climate model simulations.

Here, the baseline behavior of Northern Hemisphere winter precipitation clusters is
evaluated in observations and models, focusing especially on statistics of the most intense
clusters and projections of how these change under global warming. We first build an
observational climatology of precipitation cluster statistics using probability distributions from
the Tropical Rainfall Measuring Mission (TRMM) 3B42 dataset. Since low pressure centers
tend to be offset from precipitation maxima by hundreds of kilometers (Dacre et al. 2015), we
also introduce a new metric, the centroid density, which maps the spatial distribution of the
most intense winter precipitation clusters in recent climate. We then compare precipitation
output from the HIRAM and the same suite of high resolution coupled CMIP5 models
analyzed in Chapter 3, initially comparing how well the models capture observed cluster power
statistics in recent climate. Next, we contrast probability distributions of cluster power in recent
and end-of-century climate under the ‘“business as usual”/Representative Concentration
Pathway 8.5 (RCP 8.5) climate change scenario, analyzing for changes in the frequency and
intensity of the most intense precipitation clusters under global warming. We also conduct a
similar analysis of cluster power statistics in recent and future climate using model output from
the National Center for Atmospheric Research Large Ensemble Community Project (NCAR
LENS), reviewing probability distributions of cluster power from 10 simulations of the

ensemble in an attempt to define the uncertainty on model variability and end-of-century
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changes. Lastly, we examine maps of centroid density for the most powerful storms to see how
the spatial distribution of the most intense winter precipitation clusters, and consequently storm

tracks, change under global warming.

4.3 Data and Methods

As in Chapter 2, data from the Tropical Rainfall Measuring Mission (TRMM-3B42)
form an observational baseline for comparison with numerical simulations of precipitation in
recent and future climate. Rain rate data from the TRMM-3B42 dataset provide complete
spatial coverage over land and ocean from 50°S-50°N on a 0.25° latitude-longitude grid at 3-
hourly intervals in mm hr in this study (Huffmann et al. 2007; Huffmann and Blovin 2014;
TRMM 2015). As in Chapters 2 and 3, only data from 00/12 UTC January-March 1998-2008

greater than the 0.7 mm hr™* rain rate threshold are incorporated into this study.

CMIP5 Resolution (Lat x
Modeling center or group (institute ID) model Lon) Data Availability
National Center for Atmospheric Research (NCAR) CCSM4 1.0x1.25 1979-2005, 2081-2100
Centre National de Recherches Meteorologiques CNRM-
(CNRM) CM5 14x14 1979-2005, 2081-2100
EC-
EC-EARTH consortium (EC-EARTH) EARTH 1.12 x 1.125 1979-2005, 2075-2100
HadGEM2-
Met Office Hadley Centre (MOHC) ES 1.25 x 1.875 1979-2005, 2081-2099
Institute for Numerical Mathematics (INM) INM-CM4 15x20 1979-2005, 2081-2100
Atmosphere and Ocean Research Institute (The
University of Tokyo),
National Institute for Environmental Studies, and Japan
Agency for MIROC5 14x1.4 1979-2005, 2075-2100
Marine-Earth Science and Technology (MIROC)
MRI-
Meteorological Research Institute (MRI) CGCM3 1.1x1.1 1979-2005, 2075-2100

Table 4.1: CMIP5 modeling centers and models used, with specified spatial resolution and data
availability.

Output from the High Resolution Atmosphere Model (HIRAM) (Zhao et al. 2009, 2010,

2011, 2012; Chen and Lin 2011; Held and Zhao 2011; Merlis et al. 2013; Villarini et al. 2014)
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at 0.25° resolution (1998-2008 and 2086-2095) and the same suite of nominal 1-2° resolution
Coupled Model Intercomparison Project Phase 5 (CMIP5) models from Chapter 3 are
compared with observed data to assess their skill in capturing cluster power behavior in current
climate, then analyzed for changes under global warming under the Representative
Concentration Pathway (RCP) 8.5 scenario. Model precipitation data are available at 3-hourly
intervals, though like TRMM-3B42, only samples from 00/12 UTC are used here. See Table
4.1 for more model details.

To evaluate sensitivity of the sampling to natural variability and estimate the associated
spread of end-of-century changes in cluster power and centroid density behavior, we also use
precipitation data from the National Center for Atmospheric Research Large Ensemble
Community Project (NCAR LENS). This ensemble uses the Community Earth System Model
version 1 (CESM1), with version 5.2 of the Community Atmosphere Model (CAMS5.2) as its
atmospheric component (Kay et al. 2015). Precipitation data are available as 6-hourly averages
at approximately 1° latitude-longitude resolution (Kay et al. 2015). We incorporate data from
10 ensemble members from 1990-2005 and 2071-2080 to simulate recent and future climate
under the RCP 8.5 global warming scenario.

Cluster power here is also calculated using a contiguous precipitating pixel approach
noted in Chapter 2 and Peters et al. (2012), with grid cells not meeting a minimum rain rate
threshold of 0.7 mm hr'! masked. Unlike Chapters 2 and 3, instead of converting to units of
instantaneous latent heat release per grid cell, we display cluster power in units of the mass of
water lost per hour integrated over a cluster (kg H,O hr'). From Chapter 2, 1 GW is equivalent

to 1.4 x 10° kg H,O hr!, so we continue to refer to this as cluster power. We use these units
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here because the integrated rate of water loss from precipitation can more useful for visualizing
associated impacts along the West Coast, such as flooding and landslides.

Distributions of cluster power probability are first compared across observed and model
datasets to establish a baseline of winter-time cluster power statistics and quantify changes in
the frequency of the most powerful precipitation clusters under the RCP 8.5 global warming
scenario. As noted previously, we need to ensure there are sufficient counts in the uppermost
bins for statistical analysis. As in Chapter 3, our binning procedure in building probability
distributions is as follows. Bins are chosen with a nominal width that is constant in log space,
so that the bin width increases smoothly as probabilities drop. The increments of cluster size
are quantized to multiples of the minimum cluster size, so to ensure that the bin spacing is
consistent with this, bin widths are adjusted to the integer multiple of the minimum cluster size
that is closest to the nominal bin width. In practice this affects only the lower bins. After an
initial binning with nominal log bin width of 0.2, the number of clusters in the highest-power
non-zero bin in the historical period is examined. If the number of clusters in the highest-power
non-zero bin in the historical period is less than a user defined threshold (25 in this study), we
re-define the highest-power non-zero bin around the 25 highest-power samples resulting from
ranking the historical distribution. We then slightly adjust the nominal bin width of the highest-
power non-zero bin, which is sufficient to increase cluster counts in the highest bin. We then
apply this new bin width to the 4 high-power bins preceding the highest-power non-zero bin in
future simulations of the same dataset, and also to new higher power bins that may emerge by
end-of-century. We verify that results prior to re-binning are consistent with results after
application of the binning adjustment procedure, which helps ensure statistical significance in

comparing the highest-power bins in recent and future climate.
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Lastly, precipitation-weighted storm centroids are computed for the most powerful
precipitation clusters (defined as clusters with power greater than 10*? kg H,O lost hr). These
centroids condense storm intensity and geographic location into one variable while ensuring
that insignificant clusters do not interfere with our analysis, thus we analyze the spatial
distribution of precipitation-weighted centroids as a metric for assessing storm track changes in
recent and future climate. We define centroid density as the average annual number of
precipitation-weighted centroids within 10° longitude and 5° latitude of each grid cell for each
period analyzed. This spatial footprint is chosen to yield reasonably good statistics in terms of
the number of centroids per year occurring in the footprint area, while still providing
sufficiently detailed spatial information for meteorological and applications interpretation.
Seasonal maps of centroid density are used to illustrate the spatial pattern of the winter storm
tracks for the Northern Hemisphere in recent climate and their changes under global warming.
These maps are constructed using the following procedure: first, maps plotting all the
precipitation-weighted centroids for each year are built. Next, the number of centroids within
10° longitude and 5° latitude of each grid cell are counted for each year. Seasonal mean
centroid density is thus the mean of the annual winter centroid density value for each grid cell

for the historical and end-of-century periods.

4.4 Analysis

To account for spatial impacts of changes in cluster power, Figure 4.1 shows observed
probability and spatial distributions (TRMM-3B42) of cluster power and high-power
precipitation-weighted centroids above a minimum power threshold (10'? kg H,O hr) for the
North Pacific, North American West Coast, eastern North America, and North Atlantic for
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January-March 1998-2008. These regions (Table 4.2) are chosen for impacts and the relatively
high number of precipitation-weighted centroids that occur in the region. It is important to note,
however, that precipitation associated with these high-power centroids may extend outside
these domains. Each region contains at least some ocean grid cells, as storms occur proximal to
the coasts. The use of precipitation-weighted centroids is an observable metric oriented
towards the atmospheric dynamics of precipitation that indicates where largest impacts
associated with spatial changes to the storm track may occur, although it will not be a perfect
match to specific land region considerations such as watershed boundaries. Mid-latitude cluster
power distributions (Fig. 4.1a) reproduce a similar power law form as summertime tropical
cluster power distributions noted in Chapters 2 and 3. In both seasons, least squares best fit
exponents (extending to the cutoff at high cluster power) are similar to each other, ranging
from -1.5 during summer to -1.48 during winter. Cluster power distributions during winter over

mid-latitudes have a cutoff value approximately equal to 10" kg H,O hr™.

Domain Latitude * Longitude
North Pacific 32N-55N 140E-127W
North American West Coast 32N-55N 127W-120W
Eastern North America 30N-50N 90W-65W
North Atlantic 30N-55N 65W-10W
*TRMM-3B42 domains only extend to 50N

Table 4.2: Boundaries for each domain analyzed in this study.

Figure 4.1b displays the seasonal mean observed centroid density of the most intense
precipitation clusters over the Northern Hemisphere. Figure 4.1b suggests that most of the
precipitation clusters meeting our minimum rain rate and cluster power thresholds (0.7 mm hr*
and 10 kg H,O hr™) are concentrated over the northwest Pacific and northwest Atlantic, with

secondary maxima over the West Coast of North America and eastern North America. Recall
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that in our analysis here, precipitation-weighted clusters with power below 10*? kg H,O hr™ are
masked. An analysis of the spatial distribution of precipitation-weighted centroids with power
meeting a lower threshold (10" kg H,O hr™) shows a very similar pattern as the centroid

density map shown in Fig. 4.1b, so is not displayed here.
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Fig. 4.1: (a) Probability distributions of cluster power, i.e., precipitation integrated over clusters of
contiguous pixels exceeding a minimum rain rate threshold (0.7 mm hr™), expressed in units of mass of
water lost per hour per cluster (kg H,O hr™). (b) Spatial distributions of mean annual centroid density,
i.e. the number of clusters meeting the specified rain rate and cluster power (10*? kg hr) thresholds
within 10° longitude and 5° latitude of each grid cell. Cluster power and centroid density are calculated
from the TRMM-3B42 precipitation product, over the Northern Hemisphere, January-March 1998-2008.

Figure 4.2 shows simulated distributions of cluster power for each model in current and
future climate for 4 regions of large impact, highlighting changes to the frequency of intense
precipitation clusters under global warming, and the spread in projected changes between
models and regions. Simulated cluster power distributions in Fig. 4.2 suggest that the suite of 9
models included in this study qualitatively reproduce the scale-free power law range found in
observational cluster power distributions, with a sharp decrease in the frequency of the most
intense precipitation clusters after a cutoff. However, the cutoff for most models lies between 2
and 3 x 10%? kg H,0 hr™, lower than the 10 kg H,O hr cutoff value seen in observations.
Also, as in Chapter 3, model probability distributions of cluster power begin at higher power
with fewer bins than observations, owing to the finer resolution of observations.

Changes to the frequency of the most intense storms may appear small due to log-

scaling of the axes in Fig. 4.2, but at high power, a clear signal indicating more frequent

82



intense storms by end-of-century emerges across all models and all regions, including
unprecedented events beyond the historical highest-power bin. However, the magnitude of this
frequency change does exhibit some variation among models. For the North Pacific, end-of-
century projected changes in the probability of clusters from the highest-power bin in the
historical period range from a factor of 2.2 in the MRI-CGCM3 to 7.4 in the EC-EARTH. Over
the West Coast, probability changes from clusters with power in the highest-power historical
bin range from a decrease by 24% in the MIROCS to an increase by a factor of 6.5 in the
HadGEM2-ES. Probability increases in the same bin over eastern North America are between
factors of 1.65 (HIRAM) to 5.5 (MRI-CGCM3), and over the North Atlantic, between factors
of 2.3 (HIRAM) and 6.5 (EC-EARTH). In general, the strongest end-of-century probability
increases in the most powerful precipitation clusters emerge in output from the EC-EARTH
and HadGEM2-ES models, while end-of-century projections in ensemble mean of the 10
members of the NCAR LENS model included here range between factors of 4 (eastern North

America) to 5.3 (North Pacific).
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Figure 4.3 explores a range of changes using the NCAR LENS dataset, checking for
agreement between 10 ensemble simulations of recent and future climate. Distributions of

cluster power from each ensemble member of the NCAR LENS dataset incorporated here
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reproduce the end-of-century changes noted in Fig. 4.2. When each run is considered

separately, there appears to be little spread between each historical and future simulation,

suggesting limited climate system internal variability.
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Fig. 4.3: As in Fig. 4.2, but for each simulation of the NCAR LENS dataset included in this study.
Figures 4.4-4.12 present maps of centroid density for each model member of this 9
model suite in recent climate (a), future climate (b), and the change in seasonal mean centroid
density (c) by end-of-century relative to recent climate. The locations of centroid density
maxima from the HIRAM in recent climate (Fig. 4.4a) appear to match with the locations of
centroid density maxima in observations (Fig. 4.1b), implying that the HIRAM reasonably
simulates the location of mid-latitude winter storm tracks over the Northern Hemisphere. The
HIRAM does show fewer storms over the North Atlantic, more over the North Pacific, and
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more along the equatorial West Pacific, however, than observations. End-of-century centroid
density changes (Fig. 4.4a,b) tend to increase in the poleward parts of the storm track, and
exhibit decreases in certain locations on the subtropical side. Over eastern North America and
North Atlantic the poleward increases are quite consistent, with a slight north-eastward
extension of the storm track in the Atlantic. Over the North Pacific, centroid density increases
on the poleward side of the storm track in the central Pacific. On the subtropical edge of the
storm track decreases may be noted on the western side of the basin, although increases occur
north of Hawaii, while centroid density decreases over California and Oregon and the
neighboring ocean. However, the North American West Coast poleward of Washington State,
including British Columbia, exhibits centroid density increases. The slight increase over
Canada and mixed changes over ocean may explain the slight end-of-century increase shown in
Fig. 4.2, even though a negative signal appears to the south. Because the HIRAM differs over
the US West Coast for the models discussed below, it is worth underlining that it has a shorter

available time series: only 10 years for the end-of- century simulation.
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Fig. 4.4: As in Fig. 4.1b, but for HIRAM historical (a) and end-of-century (b) simulations. (c) Centroid
density differences, i.e. the projected end-of-century change in mean centroid density for each grid cell,
calculated by subtracting the mean centroid density for the historical period from the mean centroid
density for the end-of-century period.

Storm track changes in the CCSM4 model (Fig. 4.5b,c) are more pronounced than in

the HIRAM. The CCSM4 generally matches the location of storm tracks in observations (Fig.
88



4.1b) and the HIRAM (Fig. 4.4a). At end-of-century (Fig. 4.5b,c), a consistent increase in the
centroid density of high-power storms may again be seen along the poleward side of the
climatological storm tracks. Decreases on the subtropical margin of the storm tracks may also
be seen, although they are less strong in the Atlantic, and in the Pacific tend to be more
confined to the western part of the basin. Of particular note is the clear eastward extension of
the North Pacific storm track over the eastern Pacific and onto US West Coast (unlike the
HIRAM), with the frequency of the most intense clusters increasing by up to a factor of 6 (Fig.
4.2). The area of high centroid density over eastern North America and western Atlantic
elongates compared to recent climate in addition to exhibiting substantial increases. Tropical
decreases and increases may also be seen, although these tend to be less consistent among the

models and are not the focus here.
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Fig. 4.5: Asin Fig. 4.4, but for CCSM4 model.
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Storm tracks and their changes under global warming in the CNRM-CM5 model (Fig.
4.6) generally mimic those found in the CCSM4, with a strong signal towards more high-
power precipitation clusters hitting the West Coast by end-of-century. Changes over eastern
North America and North Atlantic are less strong than in CCSM4, and the western Pacific

tends to exhibit a larger region of decrease.
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Fig. 4.6: Asin Fig. 4.4, but for CNRM-CM5 model.
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Historical storm tracks in the EC-EARTH model mirror modeled historical storm tracks
in the HIRAM, CCSM4, and CNRM-CM5 models (Fig. 4.7a). Over the North Pacific, eastern
North America, and North Atlantic, increases in the probability of high-power centroids by
end-of-century are very pronounced (up to a factor of 7.4 over the North Pacific and 6.5 over
the North Atlantic, Fig. 4.2), while areas of decreased high-power centroid coverage are
confined to smaller areas near Hawaii, eastern Pacific, and central Atlantic. The projected sign
of change over the US West Coast is positive (i.e., probabilities of the most intense clusters
increase by up to a factor of 3.8, Fig. 4.2), with a small maxima over California, and much

larger area of increase along the Pacific Northwest coast and offshore.
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Fig. 4.7: Asin Fig. 4.4, but for EC-EARTH model.
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Historical storm tracks in the HadGEMZ2-ES model (Fig. 4.8a) generally match
observations and the other models. By end-of-century, a large dipole appears over the northern
Pacific (Fig. 4.8b,c). Decreases occur in the western Pacific subtropical margin of the storm
track between Hawaii and northeastern Asia. Increases in centroid density occur along the
poleward portion of the storm track (i.e., probability increases of the strongest storms by up to
a factor of 6.4, Fig. 4.2), and large increases associated with an eastward extension over the
eastern Pacific and US West Coast (up to a factor of 6.5, Fig. 4.2). Changes in the probability
of intense storms over eastern North America are confined to the eastern half of the region, and
are more pronounced (as in the EC-EARTH model, Fig. 4.7c) over the North Atlantic,

especially around Newfoundland.
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Fig. 4.8: Asin Fig. 4.4, but for HadGEM2-ES model.
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While historical mid-latitude storm tracks in the INMCM4 (Fig. 4.9a) generally align
with the set of observed and modeled storm tracks analyzed in Fig. 4.3-4.8, end-of-century
changes over eastern North America and the Atlantic are much less pronounced. An increase in
centroid density over the American Great Plains does not appear in any other model here. The
immediate area over Japan and east of Japan exhibit decreases in intense storms, while the
northeastern Pacific, British Columbia, and Pacific Northwest are projected to see more
frequent intense storms (i.e., probabilities of the strongest storms increase between a factor of

2.510 3).
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Fig. 4.9: As in Fig. 4.4, but for INMCM4 model.
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As with the other models incorporated in this study, the MIROCS5 (Fig. 4.10a)
qualitatively captures the spatial patterns of centroid density noted previously. Little to no
change is seen over eastern North America, while over the West Coast, this measure of storm
frequency is projected to decrease by end-of-century over the Pacific Northwest, but increase
over British Columbia (Fig. 4.10b,c). Additionally, there is a sharp decrease in centroid density

over the eastern Pacific and increase over the western Pacific.
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Fig. 4.10: Asin Fig. 4.4, but for MIROC5 model.
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Historical storm tracks are accurately captured by the MRI-CGCM3 model (Fig. 4.11a)
when compared to observations and the other models shown here, although the region of high
centroid density near the US West Coast extends a little too far south approaching California.
End-of-century changes in the storm track steer more storms over California and eastern North
America (i.e., probabilities of the most intense storms increase up to a factor of 5.5, Fig. 4.2).
Meanwhile, significant decreases are shown over the central Pacific, and subtropical eastern
Pacific. The Atlantic signal is more complex, but clear increases are seen over eastern North

America.
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Fig. 4.11: As in Fig. 4.4, but for MRI-CGCM3 model.
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Lastly, the NCAR LENS ensemble mean (Fig. 4.12a) appears to accurately simulate
storm tracks in current climate compared to observations (Fig. 4.1b) and the models we
analyze here. Centroid density maxima match with observations, and large positive changes in
the number of high-power clusters north of 40°N over the Pacific (up to a factor of 5.3, Fig.
4.2), over land along the West Coast (up to a factor of 4.2, Fig. 4.2), and over the eastern US,
stretching across the Atlantic (up to a factor of 4.2, Fig. 4.2). Decreases in centroid density are

seen over the subtropics.
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Fig. 4.12: As in Fig. 4.4, but for the ensemble mean of 10 members of NCAR LENS precipitation
dataset.
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4.5 Discussion

Probability distributions and spatial patterns of precipitation cluster power (defined
here as the integrated mass of water released over a cluster per hour) are analyzed for boreal
winter using TRMM-3B42 satellite precipitation data. We find that winter cluster power
distributions, like their May-September Tropical counterparts in Chapters 2 and 3, also
approximately follow a long, scale-free power law range, with a cutoff at high power and sharp
decrease thereafter in the frequency of the most intense storms. The least-squares best-fit
exponent over the power law range up to the cutoff is -1.48, similar to the -1.50 exponent noted
in Chapter 2. The winter probability distributions have their cutoff near 10*® kg H,O hr. This
is larger than a typical cutoff value for the Tropics of 1.4 x 10" kg H,0 hrt. In mid-latitudes, a
slight enhancement of probability density may be noted just prior to the cutoff, i.e., a hint of
preferred scale, roughly corresponding to synoptic scale storms.

We then compare simulated cluster power probability distributions in recent climate to
observations and evaluate changes in projected end-of-century distributions under RCP 8.5 as a
measure of storm track changes under global warming, using precipitation data from the
HIRAM, 7 coupled climate models from the CMIP5 experiment, and the ensemble mean of 10
simulations from the NCAR LENS project. For the historical period, all models qualitatively
reproduce the shape and form found in observations, albeit with lower cutoff values near 2-3 x
10" kg H,0 hr. Cluster power distributions from each of the 10 LENS simulations of recent
climate (using 16 year samples) and end-of-century climate (using 10 year samples) do not
display much spread, suggesting that climate system internal variability is modest for decadal
samples. With the exception of HIRAM, which has 10 years available for end-of-century, at
least 26 years in the historical period and 20 years for end-of-century are used for evaluating
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the models. Under RCP 8.5, there is a clear trend towards more frequent intense precipitation
clusters, with probability density of extreme events increasing by up to a factor of 7.4 by end-
of-century for the highest-power bin in the historical period for which statistics can be
computed across all domains examined. Mean projected probability density increases for the
highest-power bin range from a factor of 4.4 for the North Pacific, 3.4 for the West Coast, 3.5
for eastern North America, and 3.9 for the North Atlantic.

Annual seasonal mean centroid density maps (i.e., maps of the number of precipitation
weighted centroids associated with precipitation clusters meeting the 10 kg H,O hr
threshold found within a certain distance of each grid cell) over the Northern Hemisphere
illustrate the locations over which the most powerful precipitation clusters tend to congregate.
In observations, the highest centroid density values and consequently, the most intense mid-
latitude storms in this precipitation cluster metric are concentrated across the North Pacific
between 25-50°N from Japan to the western edge of North America, and from east of the
Mississippi River, across the eastern seaboard of the United States, with a maxima along the
Gulfstream. The concentration of powerful precipitation clusters in these regions aligns with
typical mid-latitude storm tracks.

Maps of modeled annual seasonal mean centroid density, when compared with
observations, characterize how well the models depict mid-latitude winter storm tracks and
where the end-of-century projected increases in intense precipitation clusters noted previously
occur. Each model qualitatively reproduces historical winter storm track locations, though
there are some differences in how elongated the storm tracks are compared to observations as
well as the number of precipitation clusters associated with each storm track. End-of-century

and centroid density difference maps (i.e., differences between end-of-century and historical
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yearly seasonal mean centroid density per grid cell) clearly indicate storm track shifts, with
trends generally matching with a wet-get-wetter and dry-get-drier pattern and increases over
each of the 4 regions investigated here. For the North American West Coast and eastern North
America, there is a tendency for substantial increases in the number of high-powered
precipitation clusters, as at least 8 of 9 models show higher centroid density values and
frequency increases of the most intense storms up to a factor of 6.5 (as noted in their respective
cluster power probability distributions). However, there is some variation in exactly where the

storm track changes occur within these domains.
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