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ABSTRACT

Wintertime extratropical cyclones in the east Pacific region are the source of much of the precipitation over

California. There is a lot of uncertainty in future projections of Californian precipitation associated with pre-

dicted changes in the jet stream and themidlatitude storm tracks. The question this work seeks to answer is how

the changes in the frequency and the intensity of extratropical cyclones in the Pacific storm track influence

future changes inCalifornian precipitation. The authors used an objective cyclone identificationmethod applied

to 25 CMIP5 models for the historical and RCP8.5 simulations and investigated the changing relationships

between storm frequency, intensity and precipitation. Cyclone data from the historical simulations and dif-

ferences between the historical andRCP8.5 simulations were used to ‘‘predict’’ themodeled precipitation in the

RCP8.5 simulations. In all models, the precipitation predicted using historical relationships gives a lower future

precipitation change than the direct model output. In the future, the relationship between track density and

precipitation indicates that for the same number of tracks, more precipitation is received. The relationship

between track intensity and precipitation (which is quite weak in the historical simulations) does not change in

the future. This suggests that other sources, likely enhanced moisture availability, are more important than

changes in the intensity of cyclones for the rainfall associated with the storm tracks.

1. Introduction

The 2011/12 to 2013/14 three-winter average precipi-

tation for California was the second driest that has

occurred since records began in 1895 (Griffin and

Anchukaitis 2014; Vose et al. 2014). In addition the av-

erage temperatures over the same time period were the

highest on record (Seager et al. 2015). In January 2014

Governor Jerry Brown issued a drought state of emer-

gency, and the total economic cost for the 2014, 2015, and

2016 drought years was 5.54 billion dollars and 31900 jobs

(Howitt et al. 2014, 2015; Medellín-Azuara et al. 2016).

These three dry winter seasons were characterized

by ridging in the North Pacific associated with an

anomalous high pressure system off the west coast of

Washington State (Seager et al. 2015). This anomalous

pattern was also associated with a northward shift of the

midlatitude storm track and therefore a suppression to

the west of California (Swain et al. 2014; Seager et al.

2015). Since the vast majority of California precipitation

coincides with the passage of midlatitude cyclones

(Cayan and Roads 1984), it is important to examine the

relationship between cyclone activity in the northeast

Pacific and precipitation in California, and how this may

change in a projected warming climate.

Because of California’s geographic location and ex-

tent, its precipitation totals are influenced by a number

of different mechanisms, each of which may be influ-

enced by a changing climate. Such mechanisms include

the displacement of the Pacific jet, subtropical dry zone,

storm tracks, and the Hadley cell (Choi et al. 2016).

Consequently, projected future changes for CalifornianCorresponding author: Luke Osburn, lukeosburn@monash.edu
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precipitation are quite uncertain (Scheff and Frierson

2012; Neelin et al. 2013; Gao et al. 2014; Maloney et al.

2014; Chang et al. 2015).

Maloney et al. (2014) examined precipitation pro-

jections using the fifth phase of the Coupled Model In-

tercomparison Project (CMIP5; Taylor et al. 2012) with

the RCP8.5 high-emissions scenario and found that

precipitation for 2070–99 relative to 1961–90 was pro-

jected to increase in Northern California and decrease in

Southern California, with poor model agreement over

central California. Wang and Schubert (2014) examined

the effect of global warming onCalifornian precipitation

between the periods 1871–1970 and 1980–2013 and

found that there was no notable difference in the prob-

ability distribution functions of precipitation. They

demonstrated that fewer storms reached California

owing to an increase in positive GPH anomalies in the

northern Pacific region and inferred that any decrease in

storm-associated precipitation was counteracted by in-

creases in precipitation due to increases in humidity.

Swain et al. (2014) found that the extreme geopotential

height values in the northeast Pacific, which are associ-

ated with California dry winters, occur more frequently

in the present climate than they did in the absence of

anthropogenic greenhouse gas emissions. Additionally

Chang et al. (2015) found over the period 1980–2013 that

there was a slight decrease in precipitation in California,

but this was not statistically significant.

Chang et al. (2015) examined the role of themidlatitude

storm track on the precipitation over California using the

RCP8.5 scenario and identified the storm tracks using the

24-h difference filtered variance of sea level pressure (pp).

They demonstrated that 1) California winter precipitation

is strongly correlated to pp and 2) model-to-model dif-

ferences in projected changes in California precipitation

are highly correlated with model-to-model differences in

projected changes in the east Pacific midlatitude storm-

track activity. Additionally, they were able to predict the

future precipitation changes from the RCP8.5 simulations

using the historical relationships between pp and pre-

cipitation and the changes inppbetween the historical and

RCP8.5 simulations with a close to one-to-one relation-

ship. Neelin et al. (2013) showed that precipitation in-

creases in Northern California were associated with the

eastward extension and strengthening of the Pacific jet

stream, which steered the storm track more toward the

California coast.

While future changes in the Pacific storm track will

clearly have an impact on the precipitation received by

California, what is currently unclear is whether these are

due to changes in frequency or intensity (or other

characteristics) of the extratropical cyclones. There are a

number of ways of defining the storm-track activity with

pp (e.g., Chang et al. 2015) being a typical Eulerian

method, which does not allow individual cyclones to

be considered. Chang (2013) and Chang et al. (2015)

showed a small increase in storm-track activity in the

east Pacific in the RCP8.5 projections using pp as a

measure of storm-track activity. Other Eulerian methods

suggest a slight poleward shift of the storm tracks in

this region (Chang et al. 2012; Chang 2013; Lehmann

et al. 2014).

There have been fewer studies showing future pro-

jections using Lagrangian feature–tracking methods

over the east Pacific region. Catto et al. (2011) showed a

large increase in track density in the High-Resolution

Global Environment Model (HiGEM) in an idealized

quadrupled carbon dioxide experiment but a small de-

crease in the doubled carbon dioxide scenario. This

suggests that there is even uncertainty associated with

the forcings applied to the same model. Another mea-

sure related to storm-track activity is the frequency of

synoptic fronts. Catto et al. (2014) showed that in the

east Pacific there is an overall decrease in front fre-

quency of around 10% of the historical values in the

RCP8.5 simulations.

Changes in the intensity of extratropical tropical cy-

clones are also projected in a warming climate, although

conflicting results for changes in intense cyclones in the

Pacific (Mizuta 2012; Chang et al. 2012) have been seen

that are associated with differences in the method of

identifying the storm tracks (Chang 2014). A number of

studies show that in a warming climate, the precipitation

associated with individual extratropical cyclones is

likely to increase (e.g., Watterson 2006; Champion et al.

2011; Pfahl et al. 2015), and there is a strong relationship

between cyclone-related precipitation and cyclone in-

tensity (e.g., Pfahl and Sprenger 2016). This leads to the

question of how future precipitation changes in Cal-

ifornia depend on the frequency of extratropical cy-

clones and the intensity of those cyclones.

California receives most of its precipitation during the

wintertime and the goal of the current study is to in-

vestigate the future projected changes in California win-

tertime precipitation, where they are the most uncertain,

during the winter season comprising the consecutive

months of December, January, and February (DJF). This

work builds on that of Chang et al. (2015) using a La-

grangian approach rather thanEulerian, which allows both

the frequency and intensity of cyclones to be used in the

statistical analysis of future precipitation changes and aims

to answer the following questions:

1) What are the relationships between cyclone track

density and Californian precipitation and cyclone

intensity and Californian precipitation?

3452 JOURNAL OF CL IMATE VOLUME 31



2) How are the relationships between cyclone track

density and cyclone intensity and Californian pre-

cipitation projected to change in the future?

3) Can changes in the cyclone track density or cyclone

intensity be used to predict precipitation changes in

California?

The rest of the paper will be as follows. Section 2

will give a description of the observational and model

data and the Lagrangian feature–tracking method.

An analysis of the present-day relationship between

the storm tracks and Californian precipitation will

be given in section 3, and the future projections of

the storm tracks and precipitation will be given in

section 4.

2. Data and methods

a. Data

Data from the Global Precipitation Climatology

Project (GPCP; Adler et al. 2003) were used to in-

vestigate winter precipitation in California. The GPCP

monthly product provides an estimated monthly rainfall

on a 2.58 global grid using data from various satellite

datasets and gauge data. The average precipitation

within the green box shown in Fig. 1 was calculated for

each winter season (DJF) from the observational data.

This box is the same as was used by both Neelin et al.

(2013) and Chang et al. (2015) and was chosen because it

covers the area of California where the sign of pre-

cipitation projection is uncertain.

FIG. 1. Cyclone track density (cyclones per month per 58-radius circle) from (a) ERA-Interim (1979–2005) and

(b) the historical multimodel ensemble mean from the CMIP5 models (1965–2005). Cyclone track intensity from

(c) ERA-Interim (1025 s21) and the (d) historical multimodel ensemble mean of cyclone track intensity from the

CMIP5 models. The boxes indicate regions used for averaging in later figures.

1 MAY 2018 O SBURN ET AL . 3453



The data used to calculate the storm-track statistics

were taken from the European Centre for Medium-

RangeWeather Forecasts (ECMWF) interim reanalysis

(ERA-Interim; Dee et al. 2011). Six-hourly winds (zonal

and meridional; u and y) at 850hPa fromDJF 1979/80 to

2009/10 were used to calculate the vorticity required for

the tracking algorithm (described below). The data were

extracted at 1.58 resolution.
Data from 25 CMIP5 models (Taylor et al. 2012) from

16 different modeling centers were used in the model

analysis, and these are shown in Table 1. Present-day

data were taken from the historical simulations for the

40 DJF seasons from the years 1965/66 to 2004/05. Fu-

ture climate scenario data were taken from the RCP8.5

scenario simulations for the 40 DJF seasons from the

years 2060/61 to 2099/2100, except for BCC_CSM1.1,

BCC_CSM1.1(m), and HadGEM2-ES, for which the

40 DJF seasons were from the years 2059/60–98/99 and

for CMCC-CM, for which data were only available

between 2080/81 and 2099/2100. For the extratropical

cyclone identification the 6-hourly fields were used, and

for the precipitation analysis, the monthly values were

added together to make the seasonal total. The RCP8.5

scenario was used in order to provide a strong signal,

consistent with the methodologies of Neelin et al. (2013)

and Chang et al. (2015). The r1i1p1 initializations for

the CMIP5 models were used with the exception of

CCSM4 for which the r6i1p1 initialization was used.

The required data (6-hourly u and y and monthly pre-

cipitation) were extracted on each model’s native

resolution. The average precipitation in the California

region was calculated by using the area-weighted aver-

age precipitation from grid cells within the green box

shown in Fig. 1.

All linear regressions were tested for statistical sig-

nificance at the 5% confidence level and (with the

TABLE 1. Models used in this study.

Model Lat 3 lon Model levels Group

ACCESS1.0 1.258 3 1.858 38 Commonwealth Scientific and Industrial Research Organization

(CSIRO) and Bureau of Meteorology

(BoM), Australia

ACCESS1.3 1.258 3 1.858 38 CSIRO and

BoM, Australia

BCC_CSM1.1 2.88 3 2.88 26 Beijing Climate Center, China Meteorological Administration, China

BCC_CSM1.1(m) 2.88 3 2.88 26 Beijing Climate Center, China Meteorological Administration, China

CanESM2 1.908 3 1.98 35 Canadian Centre for Climate Modelling and Analysis, Canada,

CCSM4 0.98 3 1.258 27 National Center for Atmospheric Research

CMCC-CM 0.758 3 0.758 31 Centro Euro-Mediteraneo per I Cambiamenti Climatici, Italy

CNRM-CM5 1.48 3 1.48 31 Centre National de Recherches Météorologiques/Centre Européen de

Recherche et de Formation Avancée en Calcul Scientifique, France

CSIRO Mk3.6.0 1.98 3 1.98 18 CSIRO in collaboration

with Queensland Climate Change Centre of Excellence, Australia

FGOALS-g2 2.81258 3 2.81258 26 LASG (Institute of Atmospheric Physics), Tsinghua University, China

GFDL-ESM2G 2.08 3 2.58 24 NOAA/Geophysical Fluid Dynamics Laboratory

GFDL-ESM2M 2.08 3 2.58 24 NOAA/Geophysical Fluid Dynamics Laboratory

HadGEM2-CC 1.28 3 1.98 60 Met Office Hadley Centre, United Kingdom

HadGEM2-ES 1.28 3 1.98 38 Met Office Hadley Centre, United Kingdom

INM-CM4.0 2.08 3 1.58 21 Institute of Numerical Mathematics, Russia

IPSL-CM5A-LR 1.908 3 3.758 39 L’Institut Pierre-Simon Laplace, France

IPSL-CM5A-MR 1.258 3 2.508 39 L’Institut Pierre-Simon Laplace, France

IPSL-CM5B-LR 1.908 3 3.758 39 L’Institut Pierre-Simon Laplace, France

MIROC5 1.48 3 1.48 40 Atmosphere and Ocean Research Institute (The University

of Tokyo), National Institute for Environmental Studies, and

Japan Agency for Marine-Earth Science and Technology, Japan

MIROC-ESM 2.88 3 2.88 80 Atmosphere and Ocean Research Institute (The University of Tokyo),

National Institute for Environmental Studies, and Japan

Agency for Marine-Earth Science and Technology, Japan

MIROC-ESM-CHEM 2.88 3 2.88 80 Atmosphere and Ocean Research Institute (The University of Tokyo),

National Institute for Environmental Studies, and Japan

Agency for Marine-Earth Science and Technology, Japan

MPI-ESM-LR 1.98 3 1.98 47 Max Planck Institute for Meteorology, Germany

MPI-ESM-MR 1.98 3 1.98 95 Max Planck Institute for Meteorology, Germany

MRI-CGCM3 1.1258 3 1.1258 48 Meteorological Research Institute, Japan

NorESM1-M 1.98 3 2.58 26 Norwegian Climate Centre, Norway
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exceptions of Figs. 3c and 7b shown below) were found

to be statistically significant.

b. Extratropical cyclone identification and tracking

Extratropical cyclones are identified with the method

of Hodges (Hodges 1994, 1995). Features are identified

as maxima (in the Northern Hemisphere) of 850-hPa

vorticity, which is first truncated to T42 resolution (ap-

proximately 300-km grid spacing) to focus on the syn-

optic scales. The feature points, found at each 6-hourly

time point, are initially linked using a nearest-neighbor

approach, and then the ‘‘best’’ tracks are found by

minimizing a cost function based on the smoothness of

the ensemble of tracks.

A major advantage of using a Lagrangian objective

feature identification and tracking algorithm is that in-

formation about the number or frequency of tracks, as

well as their intensity, can be obtained. This is in contrast

to the Eulerian method of identifying the storm tracks

using measures of the variance of mean sea level pres-

sure (Chang et al. 2015), geopotential height, or eddy

kinetic energy.

Track density and track intensity obtained from the

feature tracking are used in this study. Track density is a

measure of the number of tracks passing through a re-

gion and is calculated as a number of cyclones per unit

time per unit area (cyclones per month per 58 radius

circle). Track intensity is ameasure of the T42 resolution

vorticity of the cyclones and is calculated using all points

along the track, so that if a cyclone is slowmoving, it may

contribute more to the average intensity at a grid point

than a fast-moving cyclone (shown in units of 1025 s21).

3. Historical period

a. Extratropical cyclone tracking statistics

First the track density and track intensity from ERA-

Interim and the CMIP5 models are analyzed. Figure 1

shows these metrics for ERA-Interim and the multimodel

mean for the historical simulation. The track density from

ERA-Interim shows a region of high values over the east

Pacific Ocean, with a maximum of about 18 cyclones per

month around 408N and close to the coast around 558 and
508N. There is a smaller local maximum farther south just

over the coast of Southern California. There is a large

region over the Rocky Mountains where the track density

is very low. There is good agreement in quantity of track

density over the North Pacific; however, the CMIP5

models do produce lower track density values over Cal-

ifornia and south of Alaska. The track intensity from

ERA-Interim shows a maximum between 458 and 508N,

which is generally well represented by the CMIP5 models.

Chang et al. (2015) used pp from the National Centers

for Environmental Prediction reanalysis (Kalnay et al.

1996) as a measure for the storm track shown in Fig. 1 of

Chang et al. (2015), and it is generally spatially consis-

tent with the track density produced by the ERA-

Interim reanalysis; however, it does not show the local

maxima in track density that occur over California and

south of Alaska. It also does not show such a distinct

minimum over the Rockies, since here the MSLP will

vary even though individual storms would not continue

over the high orography.

b. Relationship between extratropical cyclones and
precipitation

Maps of the temporal correlation between average sea-

sonal GPCP precipitation in the California box and track

density from ERA-Interim and between GPCP precipita-

tion and track intensity are shown in Figs. 2a,c. Considering

the correlation between track density and Californian

precipitation, there is a large region of positive correlation

in the eastern Pacific with the highest values (of about 0.8)

just to the west of California. The correlation pattern be-

tween Californian precipitation and track intensity is more

spatially spread out with high values in a number of places

over the east Pacific. The correlation between track density

and Californian precipitation has a similar spatial pattern

to the correlation between precipitation and pp shown in

Chang et al. (2015), although the maximum correlation is

farther north for the track density.

The same correlations, averaged over the CMIP5

multimodel ensemble (MME), are shown in Figs. 2b,d.

The correlation between the CMIP5 MME means of

track density and modeled precipitation shows a maxi-

mum in the same location as the observations (Fig. 2a)

and is generally spatially consistent with a maximum of

about 0.5. The CMIP5 correlation between track in-

tensity and precipitation shows a spatial pattern that is

much more coherent than the observations and has a

maximum of about 0.4 to the west of California. Aver-

aging over 25 CMIP5models does smooth the results for

the MME; however, individual models do produce re-

sults comparable to the observations.

A linear regression between Californian precipitation

and the tracking statistics is calculated using the average

tracking statistics in the red box shown in Fig. 2, which is

between 34.58 and 40.58N and 126.58 and 1418W. This

box was chosen as it generally captures the areas of

highest correlation between track density and pre-

cipitation and between track intensity and precipitation

over California from the reanalysis data as well as from

the CMIP5models. This study was repeated with amuch

larger box ranging from 358S to 498N and from 1258 to
1388Win order to determine the sensitivity of our results

1 MAY 2018 O SBURN ET AL . 3455



to box size and location. Overall, the results are similar,

and the conclusions of this study are unaffected.

The historical relationship between Californian pre-

cipitation and cyclone track density from the reanalysis

and observational precipitation record is shown in Fig. 3a.

The correlation between Californian precipitation and

east Pacific track density is high at 0.71, and the linear

regression between the two variables gives a slope of

0.40mmday21 per unit track density. The same relation-

ship for the CMIP5 models is shown in Fig. 3b. Each year

from each CMIP5 model is plotted, producing 1000 data

points. Using all the data in this way gives a correlation

from the CMIP5 models of 0.68, and the same slope is

found for the linear regression (0.40mmday21 per unit

track density). The historical correlations and slopes be-

tween precipitation and track density for the individual

models are shown in Table 2. The spread of correlation

values between track density and precipitation varies from

0.29 for GFDL-ESM2G to 0.87 for CCSM4, with 13

models having correlation values greater than 0.65.

GFDL-ESM2G does produce an area of high correlation

between track density and precipitation but it is located at

488N (not shown). There is generally good agreement re-

garding the relationship between track density and pre-

cipitation with 12 models producing slopes between 0.35

and 0.50mmday21 per unit track density.

The relationship between precipitation and east Pa-

cific averaged track intensity for the observations is

FIG. 2. Correlation between (a) DJF cyclone track density (cyclones per month per 58-radius circle) from ERA-

Interim and the average DJF GPCP precipitation within the green box from 1979–2005 and the (b) correlation

between DJF cyclone track density from the CMIP5 models and the DJF modeled precipitation within the green

box from 1965–2005. Correlation between (c) DJF cyclone track intensity from ERA-Interim and the average DJF

GPCP precipitation within the green box from 1979–2005 and (d) the correlation between DJF cyclone track

intensity (1025 s21) from the CMIP5 models and the modeled DJF precipitation within the green box from 1965–

2005. The boxes indicate regions used for averaging in later figures.
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shown in Fig. 3c and gives a much lower correlation of

0.3. Over all the models (Fig. 3d) the correlation is 0.37,

which is close to the observed value. The historical

correlations and slopes of the linear regressions between

precipitation and track intensity for the individual

models are also shown in Table 2. There is a greater

difference between the models in the relationships be-

tween track intensity and precipitation compared to

those for track density. Correlations vary from20.10 to

0.75 with 18 models producing correlation values

between 0.2 to 0.5. There is also a wide range in the

values of the slopes of the linear regressions between

track intensity and precipitation ranging from 20.34 to

1.86mmday21 105 s, with 10 models producing values

between 0.75 to 1.25mmday21 105 s.

A comparison of these results with those from Chang

et al. (2015) show that the MME correlation between

Californian precipitation and track density (Fig. 2b) is

spatially consistent with that for pp, although the cor-

relations using track density are lower.

FIG. 3. Historical relationship from (a) observed DJF data (1979–2005) of precipitation over California to the

DJF cyclone track density (cyclones per month per 58-radius circle) from ERA-Interim and the relationship of the

same variables from the (b) CMIP5 models (1965–2005). Historical relationship from (c) observed data of pre-

cipitation over California to the track intensity (1025 s21) from ERA-Interim and the relationship of the same

variables from the (d) CMIP5 models.
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4. Future projections

a. Extratropical cyclone tracking statistics

Future projections are based on using the RCP8.5

scenario from the CMIP5 models for the period 2060/

61–2099/2100 (except where detailed in section 2a).

Changes in the storm tracks using the measures of

track density and track intensity are shown in Fig. 4.

The black contours denote the number of models

that agree with a positive change while the red con-

tours denote the number of models that agree with a

negative change. There is generally good agreement

with between 15 and 20 models projecting an increase

in track density south of 608N down to 358N off the

U.S. West Coast (Fig. 4a). The MME mean of vari-

ance of track density within the red box increases from

7.37 to 7.82 (cyclones per month per 58-radius circle)2

between the historic and RCP8.5 simulations with 14

models projecting an increase.

This pattern represents a poleward shift in the mid-

latitude storm track over the North Pacific and is con-

sistent with the recent work of Tamarin-Bordsky and

Kaspi (2017) and a number of other measures of storm-

track activity, such as eddy kinetic energy (e.g.,

Lehmann et al. 2014), but is somewhat different to the

measure pp used by Chang et al. (2015). For pp there is a

local increase off the U.S. West Coast at 408N, but no

clear shift. Between 1508W and the American coastline

the track density increases and extends equatorward

with a maximum in the shift occurring at 478N.

There is good agreement on a negative change in track

intensity south of 408N and a positive change north of

508N (Fig. 4b). However, the gradient of positive to a

negative change of track intensity is not as sharp as it is

for track density. There is a small decrease in the MME

of track intensity in the domain of interest, although an

increase at 488N does occur.

b. Relationship between extratropical cyclones and
precipitation

Maps of the temporal correlations of track density and

track intensity with California precipitation from the

RCP8.5 scenario are shown in Fig. 5. There is a general

increase in the correlation between track density and

precipitation between 308 and 458N and the size of the

area that has a positive correlation over the North Pa-

cific is larger than in the historical simulations. Com-

paring with Fig. 2b, the extent of positive temporal

correlations of track intensity with precipitation extends

westward at 408N and poleward at 1508W, although the

correlations off the U.S. West Coast remain relatively

unchanged (compared with Fig. 2d).

TABLE 2. Historical correlations and slopes for the individual models. Models are statistically significant if the correlation is greater than

0.31.

Model Track density slope Track density correlation Track intensity slope Track intensity correlation

ACCESS1.0 0.47 0.67 1.29 0.47

ACCESS1.3 0.52 0.74 0.50 0.20

BCC_CSM1.1 0.18 0.52 0.76 0.49

BCC_CSM1.1(m) 0.29 0.49 0.79 0.27

CanESM2 0.27 0.69 0.64 0.38

CCSM4 0.40 0.87 1.86 0.75

CMCC-CM 0.33 0.49 0.64 0.20

CNRM-CM5 0.17 0.44 0.29 0.18

CSIRO Mk3.6.0 0.34 0.66 20.34 20.10

FGOALS-g2 0.19 0.53 1.15 0.47

GFDL-ESM2G 0.14 0.29 0.39 0.26

GFDL-ESM2M 0.25 0.66 1.12 0.48

HadGEM2-CC 0.42 0.77 1.13 0.38

HadGEM2-ES 0.40 0.74 0.92 0.48

INM-CM4.0 0.37 0.56 1.26 0.53

IPSL-CM5A-LR 0.41 0.59 0.76 0.27

IPSL-CM5A-MR 0.41 0.71 1.57 0.55

IPSL-CM5B-LR 0.32 0.39 1.49 0.32

MIROC5 0.44 0.80 0.96 0.36

MIROC-ESM 0.28 0.68 0.27 0.21

MIROC-ESM-CHEM 0.19 0.48 0.26 0.26

MPI-ESM-LR 0.48 0.76 0.28 0.12

MPI-ESM-MR 0.46 0.64 1.14 0.47

MRI-CGCM3 0.46 0.58 1.67 0.40

NorESM1-M 0.42 0.77 0.85 0.44
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The relationships between DJF precipitation and east

Pacific averaged cyclone track density and intensity from

the RCP8.5 simulations are shown in Fig. 6. The slope of

the linear regression and correlation between cyclone

track density and precipitation inCalifornia both increase

under the RCP8.5 scenario from 0.40 to 0.50mmday21

per unit track density and from 0.68 to 0.76, respectively.

There is good model agreement regarding the direction

of these changes with 19 models projecting an increase in

the slope of the linear regression between cyclone track

density and precipitation and with 17 models projecting

an increase in the correlation. These results suggest that

for the same number of cyclone tracks, the precipitation is

projected to increase.

The slope of the linear regression between track in-

tensity and precipitation in California increases from

1.00 in the historical simulations to 1.36mmday21 105 s

in the RCP8.5 scenario and the correlation increases

from 0.37 to 0.39. There is good model agreement re-

garding the increase in the slope of the linear regression

between track intensity and precipitation with 19models

projecting an increase while only 14 models project an

FIG. 4. Change in the multimodel ensemble mean of (a) cyclone track density (cyclones per month per 58-radius
circle) and (b) track intensity (1025 s21) between the RCP8.5 (2060–2100) and historical simulations (1965–2005).

The black contours denote the number of models that agree with a positive change while the red contours denote

the number of models that agree with a negative change.

FIG. 5. Multimodel ensemble mean of the correlations between (a) DJF cyclone track density (cyclones per

month per 58 radius circle) from the CMIP5 RCP8.5 scenario (2060–2100) to the modeled DJF precipitation over

California and the same for (b) track intensity (1025 s21). The boxes indicate regions used for averaging in later

figures.
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increase in correlation. This changing relationship shows

that for the same cyclone intensity, the precipitation will

increase. These changes in the relationships between cy-

clone track density and track intensity and precipitation

suggest that within the RCP8.5 scenario, if the number and

strength of cyclones stayed the same, the precipitation

would still increase.

The performance of the individual models in the

RCP8.5 scenario for correlation and the slope of the

linear regression between California precipitation and

track density and track intensity are shown in Table 3.

All the models produce a correlation value between

track density and precipitation of greater than or equal

to 0.5 with 16 models producing a correlation value

greater than or equal to 0.7. The relationship between

track density and precipitation is fairly consistent with

21 models producing a slope between 0.3 to 0.6mmday21

per unit track density.

Similar to the historical simulations there is a greater

range of correlation and slope of linear regression be-

tween precipitation and track intensity compared to

track density. Correlation values varied between 0.11 to

0.64 with 17 models producing correlations between 0.2

and 0.5. The slope of the linear regression between track

intensity and precipitation varies between 0.32 and

3.14mmday21 105 s with 12 models producing a slope

between 0.75 and 1.5mmday21 105 s.

c. Precipitation projections

There is poor model agreement regarding the pre-

cipitation changes in California within the RCP8.5

scenario, which can be seen in Fig. 7 and was shown in

previous studies (Maloney et al. 2014). The multimodel

ensemble mean projects an increase of 0.41mmday21

when comparing the two periods; however, there is

a large divergence between the individual models.

MIROC-ESM projects a decrease of 20.81mmday21

whileMRI-CGCM3projects an increase of 2.12mmday21.

Data for the CMCC-CM model for the RCP8.5 scenario

was only available from 2080–2100 and is therefore ex-

cluded for the precipitation projection calculations. Of

the 24 models used within this analysis, 16 project a

precipitation increase while 8 project a decrease.

Chang et al. (2015) found that the CMIP5 precipita-

tion projections could be predicted by using changes in

pp between the historical and the RCP8.5 simulations.

In this study we attempted to use the changes in cyclone

track density and cyclone intensity between the histor-

ical and RCP8.5 simulations to predict the change in

precipitation between the historical and the RCP8.5

simulations.

Precipitation change in California was ‘‘predicted’’

with the same methodology used by Chang et al. (2015)

in the following way. For each model the slope of the

linear regression between cyclone track density and

Californian precipitation in the historical simulations

was multiplied by the change in track density between

the RCP8.5 and historical simulations. This ‘‘predicted

precipitation change’’ was compared to the precipitation

change between the historical and the RCP8.5 simula-

tions. The results are shown in Figs. 7a and 7b for changes

in track density and track intensity, respectively. The

FIG. 6. Relationship between (a) DJF cyclone track density (cyclones per month per 58-radius circle) from the

CMIP5 RCP8.5 scenario (2060–2100) and the DJF precipitation over California and (b) the relationship between

track intensity (1025 s21) and precipitation.
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assumptions are that the precipitation changes in Cal-

ifornia can be predicted using only changes in the mid-

latitude cyclones over the North Pacific and that the

relationship between midlatitude cyclones and pre-

cipitation is constant.

The utilization of track density within this methodol-

ogy underestimates the projected precipitation changes

from the models. As shown in Fig. 7a this relationship is

characterized by the slope of the linear regression of

1.72mmday21 per unit track density. The predicted

precipitation change is less than the change between the

historical and RCP8.5 simulations but with a high cor-

relation of 0.88. A slope of 1mmday21 per unit track

density would indicate a perfect prediction. The root-

mean-squared error (RMSE) and the y intercept of the

linear regression are also shown. Change in track density

is an important predictor for precipitation changes, but

it is insufficient when used in isolation.

Utilizing track intensity to predict the precipitation

change results in a linear regression with a slope of

1.10mmday21 105 s between the precipitation change

and the predicted precipitation change. However, when

compared to the utilization of track density to predict

the precipitation change, the correlation decreases to

0.29, the RMSE more than doubles to 0.67mmday21,

and the y intercept increases to 0.47, indicating that

track intensity on its own is not a good predictor for

precipitation change.

The incorporation of track density and track intensity

in a multivariate approach is shown in Fig. 8. The cor-

relation decreases from 0.88 to 0.82, the RMSE in-

creases from 0.33 to 0.39mmday21, and the y intercept

increases from 0.17 to 0.27. The slope of the linear re-

gression does reduce from 1.72 to 1.51; however, all the

other evaluation metrics worsen. This indicates that

the multivariate approach gives a model that does not fit

the data as well and still does not account for the large

differences between the statistical predictions and the

precipitation change in the models.

d. Predictions for the historic and RCP8.5 time period

The utilization of the track density changes between

the RCP8.5 and the historical simulations and the slope

of the historical linear regressions between track density

and precipitation to predict the precipitation projections

from the CMIP5 models resulted in a substantial un-

derestimate of projected rainfall (Fig. 7a). This pre-

dictionmethodologywas repeated over two shorter time

periods in order to better understand this result. The first

halves of the historical and RCP8.5 simulations were

used to predict the precipitation of the second halves

using the same methodology. For example, the slope of

TABLE 3. RCP8.5 correlations and slopes for the individual models. Models are statistically significant if the correlation is greater than

0.31.

Model Track density slope Track density correlation Track intensity slope Track intensity correlation

ACCESS1.0 0.38 0.63 0.69 0.23

ACCESS1.3 0.50 0.58 0.88 0.17

BCC_CSM1.1 0.32 0.65 0.89 0.44

BCC_CSM1.1(m) 0.51 0.74 1.95 0.53

CanESM2 0.54 0.86 1.74 0.47

CCSM4 0.53 0.81 0.99 0.33

CMCC-CM 0.62 0.76 2.27 0.60

CNRM-CM5 0.42 0.66 0.77 0.20

CSIRO Mk3.6.0 0.36 0.73 0.84 0.26

FGOALS-g2 0.29 0.53 1.71 0.55

GFDL-ESM2G 0.49 0.70 0.89 0.33

GFDL-ESM2M 0.43 0.77 0.94 0.35

HadGEM2-CC 0.49 0.81 1.14 0.41

HadGEM2-ES 0.40 0.67 1.08 0.38

INM-CM4.0 0.46 0.83 1.69 0.51

IPSL-CM5A-LR 0.69 0.77 1.58 0.48

IPSL-CM5A-MR 0.59 0.71 3.14 0.64

IPSL-CM5B-LR 0.54 0.61 1.29 0.20

MIROC5 0.52 0.85 1.51 0.47

MIROC-ESM 0.16 0.50 0.42 0.44

MIROC-ESM-CHEM 0.38 0.76 0.32 0.24

MPI-ESM-LR 0.56 0.71 0.68 0.20

MPI-ESM-MR 0.51 0.80 1.37 0.45

MRI-CGCM3 0.38 0.64 0.51 0.11

NorESM1-M 0.32 0.73 0.79 0.47
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the linear regression of Californian precipitation with

east Pacific cyclone track density between 1965 and 1985

was multiplied by the cyclone track density change be-

tween 1965–85 and 1985–2005 to predict the pre-

cipitation change between these two time periods and is

shown in Fig. 9a. This method was repeated for the

RCP8.5 scenario from 2060 to 2100, and the results are

shown in Fig. 9b. This analysis was only performed for

track density owing to the stronger relationship between

track density and precipitation.

The correlation of the linear regression for the his-

torical period is 0.51, with an RMSE of 0.39mmday21,

y intercept of 0.06, and slope of 0.94mmday21 per unit

track density, and is shown in red in Fig. 9a. The corre-

lation of the linear regression for the RCP8.5 scenario is

0.79, with an RMSE of 0.43mmday21, y intercept of

0.24, slope of 1.23mmday21 per unit track density, and

is shown in red in Fig. 9b. The properties of extratropical

cyclones within global climate models can depend on

their resolution (Champion et al. 2011), and the slopes

and correlations were recalculated with the lower-

resolution models (gridbox area greater than 68
squared) were excluded and are shown in black. The

excluded models are indicated with a red circle in

Figs. 9a,b. The precipitation predictions for the histori-

cal period are improved by excluding the low-resolution

models and the correlation increases from 0.51 to 0.65,

the RMSE reduces from 0.39 to 0.32mmday21, the

slope increases from 0.94 to 1.01mmday21 per unit

track density, and the y intercept improves from 0.06

to 20.02. These results indicate that precipitation

changes during the historical period can be predicted

using only changes in cyclone track density.

Predicting precipitation for the RCP8.5 scenario fu-

ture period is sensitive to the time periods used (i.e.,

using 36 or 38 of the DJF seasons instead of the full 40

available, shown in Fig. 9b). Additionally, excluding the

low-resolution models does not consistently improve

the correlation between the precipitation change and

the predicted precipitation. However, the correlations

are consistently high—commonly greater than 0.9—and

the slopes of the linear regressions are typically between

1.2 and 1.4mmday21 per unit track density.

5. Discussion and conclusions

Precipitation in California is strongly driven by mid-

latitude cyclones in the east Pacific during DJF. Swain

FIG. 7. Predicted precipitation based on the (a) DJF track density (cyclones per month per 58-radius circle)
change between the RCP8.5 scenario (2059–60) and the historical simulations (1965–2005) multiplied by the his-

torical relationship between track density and precipitation for each model individually and (b) the identical

procedure for track intensity (1025 s21). Individual models are uniquely identified by a shape and color. Pre-

cipitation change for individual models is shown on the y axis, while predicted precipitation is shown on the x axis.

The linear regression is shown in red while the line y 5 x is shown in gray.
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et al. (2014) concluded that, owing to anthropogenic

influences, the likelihood of extreme high pressure

anomalies occurring off the west coast of NorthAmerica

increases. These high pressure anomalies are associated

with the driest 15% of Californian winters, obstructing

the passage of midlatitude cyclones (Seager et al. 2015).

Following on from the work of Chang et al. (2015) we

used a Lagrangian feature–tracking method to study the

changing relationships between extratropical cyclone

frequency and intensity and Californian precipitation

due to climate change. This provides a complementary

approach to previous studies using Eulerian storm-track

measures.

East Pacific winter storm-track density and California

precipitation are strongly correlated during both the

historical period and the RCP8.5 scenario, and the slope

of the linear regression increases from 0.4mmday21 per

unit track density during the historical period to

0.5mmday21 per unit track density in RCP8.5. The

correlations relating Californian precipitation to cy-

clone intensity for the historical period and the future

period in the RCP8.5 scenario are weak at 0.37 and 0.39,

respectively. The slope of the linear regression between

Californian precipitation and east Pacific cyclone in-

tensity for the historical period is 1.00mmday21 105 s

and increases to 1.36mmday21 105 s in the future sce-

nario. Changes in the spatial patterns of track density

and track intensity are consistent with previous studies

(e.g., Tamarin-Bordsky and Kaspi 2017), showing a

poleward shift in the track density and intensity. How-

ever, these patterns are slightly different to the pattern

seen using 24-h filtered variance of mean sea level

pressure (pp) as used in Chang et al. (2015). The shifts

result in an overall increase in track density and very

slight decrease in track intensity in the east Pacific box

used in this study.

Following the methodology of Chang et al. (2015),

these historical relationships and future changes in

tracking statistics were then used to predict the pre-

cipitation projections over California in the RCP8.5

scenario resulting in underestimated precipitation

changes from future projections in the CMIP5 models.

Indeed, the linear regressions between precipitation

and track density and between precipitation and track

intensity in the future have steeper slopes than in the

historical period, indicating more precipitation for the

same number and strength of cyclones. We did, how-

ever, find that it is possible to predict the CMIP5 pre-

cipitation projections when the first half of the historical

period is used to predict the second half (Fig. 9a). This

is a robust result, with an RMSE of 0.32mmday21,

correlation of 0.65, slope of 1.01mmday21 per unit

track density, and a y intercept of 20.02. However, this

methodology does not work for the RCP8.5 scenario

(Fig. 9b), and the results for the RPC8.5 scenario are

sensitive to the time periods used. This additional

analysis suggests that over the historical period, the

relationship between extratropical cyclones and pre-

cipitation does not change much, but even over the 40

years of the future period, there are large changes in

these relationships that may exhibit large interannual

variability. The utilization of the historical track density

and track intensity in a multivariable regression did not

improve the precipitation predictions.

The underestimate of precipitation is quite different

to the results of Chang et al. (2015), in that they found a

one-to-one relationship between predicted and CMIP5

projected precipitation. One factor that could determine

these differences could be the metric used to deter-

mine the storm-track activity in the different studies.

Unlike Chang et al. (2015), the Lagrangian feature

identification and tracking used here would not include

variations associated with fronts, which pp would.

However, given that frontal activity in this region is

projected to decrease in the RCP8.5 simulations (Catto

et al. 2014), this does not explain the underestimation of

the projected precipitation. The pp measure would also

include variations in high pressure systems that would

not necessarily be associated with rainfall and would

give high values when storms are rapidly decaying in this

region. It will be an interesting and necessary topic of

future research to compare a number of storm-track

FIG. 8. Relationship between predicted precipitation using a mul-

tivariate correlation approach using track density and track intensity

between the RCP8.5 scenario (2059–60) and the historical simula-

tions (1965–2005) and the modeled precipitation change. Individual

models are uniquely identified by a shape and color. The linear re-

gression is shown in red while the line y 5 x is shown in gray.
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measures and how they relate to future changes in pre-

cipitation in this and other regions. Given the conclu-

sions of a number of previous studies that suggest

increases in precipitation intensity associated with ex-

tratropical cyclones in the future (Booth et al. 2013), the

results of our study are perhaps more in line with what

would be expected.

We found there is a greater variation between the

CMIP5 models in the relationship between track in-

tensity and precipitation compared with track density.

This may reflect the varying representation of the shape

of cyclones in terms of radius, depth, and intensity that is

produced by each model (e.g., Catto et al. 2010). Two

models may produce similar numbers of cyclones but

differ in the distribution or intensity. Although not in-

cluded in the present study this is another aspect for

further investigation.

This study is complementary to that of Chang et al.

(2015), showing that while the variability in the pro-

jected changes in the storm tracks is important for

the variability in projected precipitation, the changing

characteristics of cyclones will also have a large effect.

Our results are consistent with other studies that in-

dicate that cyclone-relative precipitation is projected to

increase in a moister world (Watterson 2006; Champion

et al. 2011; Booth et al. 2013) and that rising humidity is a

major driver of wetting in California in the winter season

(Seager et al. 2014). Previous studies have also shown

that increased moisture produces more intense cyclones

(Booth et al. 2013; Pfahl et al. 2015), a result that we do

not find with our methodology and that should be fur-

ther investigated. Our results indicate that in the future,

for the same number of cyclone tracks or track intensity

more precipitation is received. Thus, knowing the changes

in cyclone density and intensity is insufficient to predict

changes in precipitation, an additional factor—likely

moisture—must be considered.
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FIG. 9. The change in precipitation between (a) 1965–85 and 1985–2005was ‘‘predicted’’ using the change in track

density (cyclones per month per 58-radius circle) between those time periods, which was multiplied by the re-

gression coefficient between track density and Californian precipitation between 1965 and 1985, and the analysis

was repeated for the time period (b) 2060–80 and 2080–2100. The correlation, RMSE, slope, and y intercept for all

models are shown in red while the same statistics, slope excluding lower-resolution models with a grid box area

greater than 68 are shown in black. Excludedmodels (surrounded by a red circle) are BCC_CSM1.1, BCC_CSM1.1(m),

FGOALS-g2, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC-ESM, and MIROC-ESM-CHEM. Individual models are

uniquely identified by a shape and color. The line y 5 x is shown in gray.
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