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ABSTRACT

Towards the Prediction of Climate Extremes with Attribution Analysis Through Climate
Diagnostics and Modeling: Cases from Asia to North America
by
Boniface O. Fosu, Doctor of Philosophy

Utah State University, 2018

Major Professor: Dr. Shih-Yu S. Wang
Department: Plants, Soils, and Climate

This work is focused on extreme climate detection, attribution and predictions.
Three interrelated, yet regionally unique climate phenomena were investigated to
characterize changes in the variability of climate that lead to extremes. This was augmented
by the development of tools to supplement the prediction of climate extremes on the
subseasonal to interannual timescales.

First, the impact of anthropogenic climate change on atmospheric stability and
aerosol concentration in basin terrain was investigated, with a specific focus on the
IndoGangtic Plains (IGP). This was achieved by utilizing an empirical diagnostics
methodology paired with the direct simulation of aerosols. It was found that the winter
atmosphere in the IGP is becoming more stable, attributable to both greenhouse gases
(GHG’s) and aerosols. Since a more stable atmosphere traps more aerosols, it is shown that
aerosols in the IGP can increase in the absence of a change in their emission sources, which

is a process caused by increased anthropogenic GHG that was previously not realized.
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Furthermore, a positive feedback exits whereupon aerosol-induced stabilization increases
the accumulation of aerosols in the IGP.

The second part of this work evaluated the 2014/15 cold season snowpack drought
in Washington state and its climate forcing. The so-called snowpack drought in
Washington state resulted from unprecedented warmth that caused cold season
precipitation to fall as rain rather than snow in the mountain ranges of Washington State.
Synoptic attribution analysis revealed that a significant portion of the circulation anomalies
associated with the drought emanated from naturally driven North Pacific climate
variability in the form of the North Pacific Index (NPI) with modulation from the North
Pacific Oscillation. Notwithstanding, anthropogenic warming, acted to exacerbate the
impacts of the drought. In addition, a unique cyclical relationship between temperature and
precipitation (averaged along the mountain ranges of Washington - Cascades) was
uncovered that is apparently driven by the low frequency variability of the NPI.

Next, we analyzed the synoptic-scale mechanisms and attribution of extreme
precipitation events in the central US, focusing on three days of extreme rainfall in late
December 2015 that led to severe flooding along the Mississippi river with Missouri being
the most impacted. The meteorological context of this event was analyzed, as well as the
synoptic diagnosis and forecast attribution of the atmospheric circulation that contributed
to the event’s severity. The midlatitude synoptic waves that led to the extreme precipitation
and ensuing flooding were traced to the Madden Julian Oscillation (MJO), which had an
amplification effect on the trans-Pacific Rossby wave train likely associated with the strong
El Nifio of December 2015. The influence of anthropogenic climate change on the

relationship between the El Nifio Southern Oscillation (ENSO) and precipitation across the



Central US was also assessed using single forcing experiments of several models that
participated in the Coupled Model Intercomparison Project (CMIP5). The models revealed
an apparent regime change in ENSO-related precipitation anomalies across the central US,
suggesting a likely amplification effect of anthropogenic warming on the December event.
Through the analysis of NCEP’s Climate Forecast System (CFSv2), it was also determined
that when it comes to the MJO skillful subseasonal predictions with lead times exceeding
two weeks are rarely achievable.

Lastly, the mechanisms linking the onset of the El Nino-Southern Oscillation to
two North Pacific ENSO precursor patterns, i.e. the Western North Pacific mode (WNP)
and the Pacific Meridional Mode (PMM) a year in advance were studied using a
decomposition of the upper ocean mixed layer (SST) budget, coupled with the mass
streamfunction representation of the Pacific Walker Circulation. Strong upward equatorial
heat flux anomalies and advection occur in concert with a warming SST in both the WNP
and the PMM during the development of an El Nifio (sign reversed for La Nina), illustrating
how the WNP and PMM are inherently linked to equatorial ocean dynamics and the
dominant mechanisms that lead to SST changes during ENSO development. In the early
stages of ENSO development, equatorial SST anomalies lag heat fluxes by about a season
while the development of the PMM generally lags the WNP by another season. In
comparison to the PMM, the WNP has a more robust temporal and spatial relationship
with the Pacific Walker circulation, which is an inherent part of ENSO variability.

(142 pages)
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PUBLIC ABSTRACT

Towards the Prediction of Climate Extremes with Attribution Analysis Through Climate
Diagnostics and Modeling: Cases from Asia to North America

Boniface O. Fosu

This project summarizes the findings of research organized in two parts. The first
involved the characterization of changes in the variability of climate that lead to extreme
events. The second focused on the predictability of extreme climate on time-scales ranging
from short forecast lead-times to long-lead climate predictions exceeding a year.

Initial studies focused on three interrelated, yet regionally unique extreme climate
phenomena. First, the relationship between increasing greenhouse gas (GHG) emissions
and particulate matter (PM) concentration in basin terrain was investigated. Next, we
evaluated changes in large-scale atmospheric circulation associated with two climate
phenomena at either extreme side of the water cycle -- droughts and floods. In the final
analysis, an attempt was made to understand the mechanisms that link two North Pacific

ENSO precursor patterns to the ENSO cycle.
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a. Mean (2003-2012) MODIS aerosol optical depth. The section of the
IndoGangetic Plains under investigation is delineated by the red box.
b. Mean (1979-2014) meteorological conditions (ERA-I) in summer,
and c. winter. Specific humidity is contoured (gkg'), 850 hPa air
temperature is shaded (°C), and wind fields are superimposed as vectors

(S™) . e

Monthly climatology of aerosol optical depth and angstrom exponent

from 2000-2012 (ABRONET).......vvoveeeeeeeeeeeeeseeseeeeeeeeeeeeeeeesseesseeesee

a-d. Domain averaged changes in mean Nov-Dec lapse rate anomalies
(A[-d6/dp]) (shading). Liner trends in A[-d08/dp] are displayed here as
black contours with an interval of 0.1 10-2 hPa!. The thick (dotted)
black contours are positive (negative) trends in lapse rate, indicative of
an increase (a decrease) in stability during the underlying periods. e-h.
Same as previous plot but for different CMIP5 forcing runs. Each plot
is an ensemble of 11 models, comprising each models’ maximum
available members. The thick bars along the vertical axes indicate
levels for which regression coefficients are statistically significant at

5% CONTIACIICE. ..ot e e e e e e e eaees

Scatter plot of changes in PM (MERRAero) and lapse rate (ERA-I) at
different pressure levels for Nov and Dec months, from 2002 to 2013.
Both potential and actual temperature were used, denoted by P and A
on the legend respectively. The long-term trend in each dataset was
removed. In parentheses are the correlation coefficients (R), between
PM and each lapse rate proxy. The dotted lines in corresponding colors
are the least squares best fit to each set, with the optimal level (925 -

800 hPa) emboldened. .............oooviiiiiiiiiiiiiieee e

a. Scatter plot of PM (MERRAero) and lapse rate (ERA-I) for Nov and
Dec months, with the linear least squares best fit to the data. Each lapse
rate proxy is an average between two pressure levels as shown on the

legend. The regression equation, correlation coefficient(R), coefficient
of determination (R?) and the standard error (SE) are shown on the plot.
b-e. CMIP5 (composite of 11 models, Table 1) estimates of PM with
different forcing data, based on the regression equation in (a). The
optimal level is 925-800 hPa - shown in red for potential temperature
and blue for actual temperature, overlaid with their respective linear

trends 1N the SAME COLOTS. «.nnniiiienee et
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WRF-Chem simulations: a. Domain averaged surface mass
concentration of PM (normalized), from 1980-2010. b. Mean Nov-Dec
lapse rate anomalies (A[-d0/dp]) (shading) relative to the 1980-2010
base period. Liner trends in A[-dO/dp] are displayed here as black
contours. The experimental setup, physical and chemical schemes used

for the simulations are shown in Table 2. ......oovvvveeiiiiieeeeeeee e,

Seasonal potential temperature (MERRA) slope at the 800 hPa level
(1980-2013). The Tibetan plateau and altitudes above 1000 m have

been masked out. Units have been converted to per 34-years...................

Slope of precipitation (UDEL) and 2-metres temperature (ERA-I), for
different time periods. The Tibetan plateau and altitudes above 1500 m
have been masked out. Units have been converted to per 34-years

(1980-2013) and per 20-years (1994-2013). ....ccovviririeeeniiiieeeiiiee e

a. Topographical map of Washington - the yellow box delineates the
study domain. b-c. Domain averaged time series of normalized cold
season precipitation and temperature, both in gray, and their respective
15 years lowpass curves in black. d. 15-years sliding correlation
between P and T, in black. The gray lines show the sliding correlation
curves for different windows ranging from 7 to 21-years in 2 years’
increments. Years on the x-axis represent the central year of the sliding
window. e.15 years running mean (black) of the NP index (gray),
constructed from the area-weighted sea level pressure over the region
30°N-65°N, 160°E-140°W. The NPI sign has been flipped so that
positive refers to a deepening of the Aleutian low, which also will
correspond to positive PDO phase. The red dots are intense dry spells,

and their duration [days]. .....cceeeeiiiieiriiiie e

a. Composite differences in cold season circulation [250 mb ¥ in
contours, interval: 0.3 106m2s-1] and SST (shading) between 31 low
and 31 high snow frequency years selected between 1950 and 2014. b.
The observed SST and 250mb streamfunction anomalies for 2014/15
cold season. ¢. A linearly regressed reconstruction of SST and 250mb
streamfunction anomalies related to the NPI, from the 1949/50 cold
season to 2013/14, weighed against the strength of the NPI in the
2014/15 season NPI. d. Same as (c) but for the NPO e. Difference
between (b) and (c), (i) (i.e. the leftover not linearly explained by the

NP oo oo e e e s e e e s e e s e e eeseeeee e e er e

Correlation between Cascades temperature and global SST....................

a. The 15-years running mean of the NPI, constructed as the area-
weighted sea level pressure over the region 30°N-65°N, 160°E-140°W
for 30 CESM1 ensemble members (in gray), and their ensemble mean
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(in red), for both historical and future RCP8.5 runs; adjoined. b. 15
years sliding correlation between temperature and precipitation. Years
on the x-axis represent the central year of the 15 years sliding window.

a. Spectral coherence amplitude between the NPI and the 15-years
sliding correlation of observed cold season precipitation and
temperature from 1908-2008. b. same as (a) but from 1928-1986. c-d.
Same as (b) but for CESM1 derived historical (1928-1997) and future
(2014-2072) PDO and SCORR outputs. The minimum number of time
steps that could be used was 59 years because of the limited extent of
CESM1’s future run. As a result, only a comparable number of years
in observations could be used to allow for easy comparisons. Similarly,

red curves represent the ensemble mean here. ..........ccccooevviiiieiiiineiennne,

a. CESM1 LENS temperature - 5 years running mean applied to the
ensemble average (in red) for 30 ensemble members relative to the
1950-2005 base period, for both historical (1920-2005) and future
RCP8.5 (2006-2080) runs. The two epochs have been adjoined. Gray
shading represents the standard deviation (std) range of the individual
ensemble values corresponding to each time step relative to the mean.
Trend lines for corresponding epochs are superimposed in red.
Observed temperature is superimposed in black. b: Same as (a) but for
snow to precipitation ratio (S/P) estimated from monthly data of

precipitation and tEMPETAtULe...........ceeeevviieeeriiieeeeriiieeeeriieeeeesenreeee e

a. Meteorological evolution of the late December event: 250-hPa winds
(vectors) and precipitation (mm, shading), from 25-29 Dec 2015.
Areas of positive (negative) vertically integrated (from 1000-300 mb)
moisture flux convergence greater than 3x10* kgs™! are represented by
magenta (green) stippling. Upper-level short wave troughs are marked
with yellow curves. The dark red box delineates the most affected storm
areas, i.e. the study region. b. 2015 monthly soil moisture (blue outline)
(cm) in comparison to the 1950-2010 climatology (gray bars). ¢. 2015
monthly precipitation (bars) expressed as a percentage of the 1950-
2010 climatology and d. Statewide December precipitation (mm, time

SEIIES) FOI MISSOUIT ..eeeeeeiiiiiiiiiieeeeeeeeectee e e e e et e e e e e eaaanr e e e e as

Longitude-time plot of the 7-day mean a. outgoing longwave radiation
(OLR) and 850 mb wind anomalies (base period: 1981-2010) averaged
over 5S-5N, from July-Dec 2015. The thick yellow bars on the
longitudinal axes highlight the ENSO region. (figures courtesy of the
Tokyo Climate Centre). b. Phase space diagram for 27Nov2015 -
5Jan2016 illustrating the phase and amplitude of the activity days of
the 2015 MJO cycle, based on the principal components (RMM) of the
first two EOFs from a combined EOF analysis using 850 hPa zonal
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wind, 200 hPa zonal wind and OLR. Counter-clockwise movement
around the diagram indicates an eastward propagating signal across
eight phases from the Indian Ocean to the Pacific and later the western
hemisphere. Color of lines distinguish different months and dates are
annotated. The farther away from the center of the circle the stronger

the MJO SINAL......cciiiiiiiiieiiiiee e e

a. Regression of 250-hPa height anomalies with Nifio 3.4 in December,
from 1950-2014 b. December 2015 250 hPa height anomalies as a
departure from the 1950-2010 base period. ¢. Latitude-time plot of the
20-years sliding correlation between Nino 3.4 and December
precipitation averaged over longitude 95°W-85°W. On the x-axis are
the central years of the correlation window. Green stippling show

significant areas at the 95% confidence level. ............ccccoeeeiiiiiiinniinenenn.

a. 200-hPa velocity potential anomalies based on the eight phases of
the December 2015 MJO episode described in the text. b. Composite
of 200-hPa velocity potential anomalies based on 25 prior MJO
episodes c¢. Velocity potential anomalies not linearly explained by the
MJO (i.e. linearly regressed construction of the MJO’s impact
subtracted from the December event anomalies of ). Green stippling

show significant areas at the 95% confidence level............cccoceeevieennen.

a. 200-hPa streamfunction anomalies based on the eight phases of the
December 2015 MJO episode described in the text. b. Composite of
200-hPa streamfunction anomalies based on 25 prior MJO episodes c.
Streamfunction anomalies not linearly explained by the MJO and
ENSO (i.e. linearly regressed constructed impact of both the MJO and
ENSO subtracted from the December event anomalies of ).

Corresponding wave-activity fluxes are superimposed in vectors.............

20-years sliding correlation between the December Nino 3.4 index and
precipitation averaged longitudinally over 95°W-85°W, as depicted by
17 CMIP5 models in two scenarios - (a) GHG run and (b) Natural run.
Shading represents the ensemble mean. Years on the x axis represent
the central years of the sliding window. The ensemble spread is in
contours and only statistically significant contours based on the
Student’s t-test at the 95% confidence level are drawn. Figure 6¢ is a

repeat of Figure 3¢ with a comparable timespan to the model runs..........

CFSv2 ensemble mean forecast of a. y and b. 1 anomalies relating to
phase 6 of the December MJO episode for up to 15 days’ lead time. 92-
days forecast of ¢. y and d. P anomalies that are associated with the
MJO for December 2015. The thick yellow lines show the times
corresponding to phases 4 and 5 when the MJO is over the maritime
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a. Domains of common ENSO precursors outlined for the Indian Ocean
mode (IndO), the Western North Pacific mode (WNP; sign reversed),
the Pacific Meridional Mode (PMM) and the Nifio-3.4 region. The dark
strip that runs across these three domains indicate the section from
which the longitude-time evolution in Figure 4 was constructed. b.
Cross-correlations of the DJF Niflo-3.4 index with the 3-month mean
IndO (blue), WNP (purple; sign reversed), and PMM (red) over the
preceding 2 years. Shaded area indicates the 99 % confidence interval.

Taken from Wang et al. 2014, .........ooooiiiiiiiiiiieeeieee e

Schematic diagram showing the processes governing the mixed layer

temperature variations. Taken from Dong et al. 2007. ..........ccccveevueenne.

a. Regression map between the December-February (DJF) averaged
WNP index, and SSTA (contours, °C) and potential temperature
anomaly in the upper 300 m of the ocean (shading) at several lead times
(MAM, JJA, SON and DJF+1). b. Same as (a) but for the PMM. The
ocean potential temperature was averaged meridionally across 5°S-5°N

TEOM 10812015, e aaaas

Domain-averaged heat budget (10%°Cs™!) in the North Pacific: The gray
curve is the sum of the contributions of surface heating (red), oceanic
advection(blue), diffusion (cyan), and vertical entrainment (green) to

the temperature tendency (black)..........cccvvveviiiiiiiiiiiiiiiiiiee e

a. Regression map between the December-February (DJF) averaged
WNP index, and SSTA (contours, °C) and air-sea fluxes (shading,10
oCs 1) at several lead times (MAM, JJA, SON and DJF+1). b. Same as
(a) but for the PMM, with its MAM index used in the regression instead

of the DJF as used inthe case Of WINP ....coommiiiiiieeeeee e,

a. Regression map between the December-February (DJF) averaged
WNP index, and SSTA (contours, °C) and advection (shading,10%°Cs
1 at several lead times (MAM, JJA, SON and DJF+1). b. Same as (a)
but for the PMM, with its MAM index used in the regression instead of

the DJF as used in the case Of WINP .....oiiiiiiiie e

Lead/lag regression between ENSO precursor indices (WNP and
PMM) and a. Air Sea Fluxes (10°Cs™") and b. Advection (10-%°Cs™)
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CHAPTER 1

INTRODUCTION

The Intergovernmental Panel on Climate Change defines an extreme event as the
occurrence of a value of a weather or climate variable above (or below) a threshold value
near the upper (or lower) ends (‘tails’) of the range of observed values of the variable.
Some climate extremes (e.g., droughts, floods) may be the result of an accumulation of
weather or climate events that are, individually, not extreme themselves (though their
accumulation is extreme). Even if not extreme in a statistical sense, weather or climate
events can still lead to extreme conditions, either by crossing a critical threshold in a
physical system, or by occurring simultaneously with other events. A weather system such
as a tropical cyclone can have an extreme impact, depending on where and when it
approaches landfall, even if the specific cyclone is not extreme relative to other tropical
cyclones (Seneviratne et al., 2012).

Whiles weather and climate extremes have always happened, there is a growing
scientific consensus that they are becoming more frequent and destructive. Different types
of research approaches taken, including statistical analysis of observed data, climate
modelling and physical reasoning have strongly attributed these changes to human-induced
climate change (Hay and Mimura 2010, Rodriguez et al., 2009, Coumou and Rahmstorf
2012). Notwithstanding, the extent to which a given extreme weather or climate event is
attributed, especially to anthropogenic climate change is often very challenging from a

physical standpoint (e.g. Stott et al. 2016).



If a weather or climate event is truly extreme in the present climate, then it requires
unusual meteorological conditions, meaning climate change could be at most only a
contributing factor (Shepherd 2016). The failure to recognize this fact can lead to
apparently contradictory conclusions concerning the same event (Otto et al. 2012). Yet,
even a small contributing factor can have enormous consequences in the context of an
extreme event. The scientific question is then to determine that contribution — this requires
a fundamental understanding of the mechanisms that link specific extreme weather and
climate events to human induced climate change without undermining the role of natural
climate variability.

The above literature is a summary of the viewpoints that have led to the overarching
goal of this work, that is: to investigate how notable changes in the variation in the mean
state of climate are dynamically linked to the occurrence of extreme weather and climate,
while testing the suitability or otherwise of conventional attribution methods, generating a
baseline level of understanding and skill for the improvement numerical weather and
climate models, as well as predictions. Through the application of a variety of climate data,
climate diagnostic methods, dynamical and statistical techniques, and climate modelling,

the following objectives are addressed to accomplish the main goal.

Objectives

1. To identify large-scale atmospheric and oceanic features at appropriate spatial
and temporal scales that connect to cyclical variations in wet and dry climate.
2. To characterize changes in climate variability and their links to extremes of

weather and climate.



3. The development of meaningful tools to supplement the prediction of climate
extremes on the subseasonal to seasonal timescales, as well as long range

predictions exceeding a year.
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CHAPTER 2

GREENHOUSE GASES STABILIZING WINTER ATMOSPHERE IN THE INDO-

GANGETIC PLAINS MAY INCREASE AEROSOL LOADING!

ABSTRACT

The concentration of aerosols along the Indo-Gangetic Plains (IGP) and their
adverse effects on human health and the environment are increasing. In winter, the IGP is
prone to high anthropogenic aerosol loading (i.e. particulate matter - PM). In this study,
three reanalysis datasets including the MERRA Aerosol Reanalysis were analyzed to
characterize the relationship between winter atmospheric stability and aerosols. Due to the
lack of long-term aerosol observations, an empirical relationship between PM and the
atmospheric temperature lapse rate was derived. It is shown that PM and stability have a
strong relationship at the lower troposphere. Analyses of CMIPS single-forcing
experiments indicate that the recent stabilization of the atmosphere in the IGP can be
explained by both greenhouse gas and (GHG) aerosol forcing. Since a more stable
atmosphere traps more PM, stabilization alone can increase aerosols even in the absence
of changes in emission sources. Regional simulation with fixed anthropogenic aerosol
loading also supports this finding. Thus, enhanced stabilization caused by both aerosols

and GHG in the atmosphere can further increase winter aerosol loading in the IGP.

! The material for this chapter was recently published as: Fosu, B. O., Wang, S. S., Wang, S., Gillies, R. R.
and Zhao, L. (2017), Greenhouse gases stabilizing winter atmosphere in the Indo-Gangetic plains may
increase aerosol loading. Atmos. Sci. Lett., 18: 168-174. doi:10.1002/as1.739



1. Introduction

In recent decades, the Indo-Gangetic Plains (IGP) has become a hotspot of rising
anthropogenic aerosol emissions, as evidenced by measurements of moderate resolution
imaging spectroradiometer (MODIS) aerosol optical depth (AOD) — Figure la, and
remarked upon by various studies (Vijayakumar et al., 2007; Kar et al., 2010). The
increased concentration of anthropogenic aerosols, coupled to their bearing on climate
change and effect on human health, has resulted in a marked proliferation of research into
atmospheric aerosols. Past studies (Gautam et al., 2011; Srivastava et al., 2012) have found
that the concentration of anthropogenic aerosols in the IGP is not as straightforward as a
function of source, but is complicated by topography and seasonality; this is akin to what
occurs with particulate matter (PM) (e.g. PM2.5) in many terrain basins (Gillies et al.,
2010; Wang et al., 2012).

The winter months within the IGP feature a stable boundary layer due to cool
temperatures and weak ambient wind flow [November—January, Figure lc], hence the
potential for high-aerosol loading; this being contrary to the summer monsoon season
where high temperatures accompany strong monsoonal winds [May—July, Figure 1b].
Aerosol measurements, using the angstrom exponent of aerosols that increases with
decreasing size (Figure 2), reveal that the make-up of atmospheric aerosols in the IGP do
indeed vary seasonally —i.e. smaller aerosols (e.g. black carbon) are predominant in winter
and larger ones (e.g. dust) in summer. The large extent of human induced (anthropogenic)
aerosols in winter therefore underscores the importance of studying any corresponding
changes in the local climate. Moreover, when it comes to under- standing the IGP’s aerosol

sensitivity to the changing atmospheric thermal structure driven by anthropogenic global



warming, a lack of systematic research coupled to the paucity of a long-term observational
aerosol data record is problematic; this motivated the research undertaken and presented
here.

In this study, we utilized atmospheric and aerosol reanalysis data in conjunction
with climate model out- puts to characterize atmospheric stability and examine the
relationship between atmospheric stability conditions and anthropogenic aerosols. The
diagnostic analyses were followed by the derivation of an empirical relationship between
atmospheric aerosol loading and stability, which subsequently was used to quantify the
concentration of aerosols in the IGP, and how it interacts with changing atmospheric

stabilization.

2. Data and Methods

2.1. Data Sources

The following reanalysis datasets were utilized: the ERA-Interim reanalysis (Dee
et al., 2011), the University of Delaware (UDEL) precipitation datasets (Willmott and
Matsuura, 2001), NASA’s MERRA (Rienecker et al., 2011), and the NCEP/NCAR 40-
year reanalysis datasets (Kalnay et al., 1996). For attribution, 11 models that participated
in the Coupled Model Intercomparison Project (CMIP5) (Taylor et al., 2012) were used.
These single-forcing experiments only go up to 2005. Table 1 details the acronym, full
name, and full description of each model.

Data from the space borne MODIS instrument (Hsu et al., 2004) and the Aerosol
Robotic network (Holben et al., 1998) were used for the depiction of aerosol loading and

proper- ties. We also examined PM derived from the MERRA Aerosol Reanalysis



(MERRAero) (Rienecker et al., 2011) from 2003 to 2013. In MERRAero, PM can be
obtained from the surface mass concentrations of dust, sulfate (SO), black carbon (BC),
organic carbon and sea salt. Over the IGP, SO and BC emissions are significantly higher
in the winter than in the summer; this is due to differences in weather and industrial activity.
This article focuses on the relationship between ‘anthropogenic aerosol’ emissions and
stability for the period defined as ‘winter’, therefore dust was excluded from the analysis

to minimize possible biases.

2.2. Methodology

The study area along the IGP is outlined in Figure 1a; this area features particularly
large aerosol loadings due to its high-population density. Given the maxi- mum PM in the
seasonality of the IGP, we focused on the winter months of November and December (ND).
To depict atmospheric stability, we used lapse rate, as it is directly relevant to vertical
motion and, subsequently, the dispersion and concentration of aerosols in the atmosphere.
Both the actual (T) and potential temperature (6) were used to compute lapse rate (i.e. —
dO[T]/dp). To make compositing possible, all utilized reanalysis datasets were regridded
onto the same 2.50 grid spacing using a third order Bessel interpolation. Attribution
involved repetition of the lapse rate analysis with different forcing composites of CMIP5
model out- puts. To test the evolution of PM concentrations in the IGP without time-
varying anthropogenic aerosol emissions, the Weather Research and Forecasting model
coupled with Chemistry (WRF-Chem) version 3.8.1 (Grell et al., 2005) was used. The
experimental setup, main physics and chemical schemes used for the simulations are listed

in Table 2.



3. Results and Discussion

3.1. Instability

Figure 3 shows the changes in the atmospheric stability displayed as vertical
profiles of lapse rate anomaly as a function of time. Linear trends at each pressure level,
computed as the least square best fit to the lapse rate over the entire underlying period of
35 years, are overlaid in contours. The climatological mean of the lapse rate was removed
prior to computations to depict year-to-year changes. As a consequence of removing the
long-term mean, one is able to observe two distinct periods in variability, i.e. one in the
past centered around the 1990s that is indicative of a period that is less atmospherically
stable, compared to the other centered around 2010 where the situation is reversed. All the
three reanalysis datasets (Figures 3a—c) indicate the development of increasingly
atmospheric stable conditions from the surface to about 700 hPa. Also evident is a similar
occurrence in the middle-to-upper troposphere with the exception of NCEP1 (Figure 3a).
Regardless of marginal distinctions between the three observational datasets, a consistent
picture arises from the composite plot (Figure 3d), one that signals a stability modification
for the entire troposphere. In other words, a shift has occurred, one from a climatologically
stable winter atmosphere environment to one of greater stability; this implies extended or
strengthened winter temperature inversions over the IGP.

To attribute the shift in the observed lapse rates, we analyzed a composite of 11
CMIP5 models. Due to the limited temporal extent of CMIP5 data (up to 2005), only a
comparable 35-years time span (i.e. 1970-2005) with respect to the reanalysis datasets was

used: Starting with the natural runs (Figure 3e), there is no clear-cut shift toward increased
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atmospheric stability as the lapse rate anomalies tend toward neutrality — this is not
surprising due to the cancelation of natural variability among the different simulations over
time. The greenhouse gas (GHG) forcing (Figure 3f) runs do, however, reveal a similar
interdecadal shift in comparison with that in Figure 3d toward a more pronounced stable
atmosphere in the middle-to-upper troposphere around 2005. The modeled GHG forcing is
not particularly synchronous with the observations, as a more stable atmosphere develops
much earlier than that observed despite the same direction. This is expected, however, since
the GHG-only forcing would induce more pronounced warming than the observation,
enhancing the stabilization effect earlier.

In the aerosol run (Figure 3g), an increasingly stable boundary layer is also present,
with corresponding positive (and somewhat accelerated) trends in most of the troposphere.
The combination of all three forcings (Figure 3h), i.e. the ensemble (ALL or historical
experiment) scenarios, results in uniform stabilization throughout the tropospheric column,
but once again, it reflects a disparity with the reanalysis composite (Figure 3d) in the timing
of the shift in stability, i.e. about a decade earlier. Apparently, the models tend to also
overestimate stabilization in the middle tropo- sphere in comparison to the reanalysis.
Nevertheless, the observations are clear as to the change that has occurred and the CMIP5
results suggest that there is an effect to enhanced stabilization that partly lies in
anthropogenic GHG’s and aerosols.

Caution is necessary here in interpreting the model results. The CMIP5 free runs
cannot be compared to calendar years, and aerosol effects are only partially represented in
the majority of the models (e.g. Kiehl, 2007). Even models that include atmospheric

chemistry modules have shown large uncertainties in aerosols (e.g. Kinne et al., 2006).
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3.2. Empirical Assessment of Aerosols

Since most CMIP5 models do not have built-in inter- active or dynamic aerosol
modules, and given that the time span of available aerosol data is limited, an empirical
modeling approach serves as a means to estimate long-term regional aerosol levels. Hence,
we derived a statistical relationship between PM and lapse rate using linear regression,
following Wang et al., 2015. The choice of an optimal lapse rate level for temperature was
achieved by averaging between the 925 and 800 hPa levels. Several tests with different
instability indices (Figure 4) revealed that any correspondence of PM with lapse rate
diminishes somewhat beyondv700 hPa, consistent with the finding of Mishra and Shibata
(2012). It is worth noting that the use of either actual or potential temperature does not
change the relationship between PM and instability at lower altitudes.

Figure 5a shows a scatter plot between PM anomaly and lapse rate at the optimal
level for both actual (AT) and potential (A@) temperatures over time. Long-term trends
were first removed to minimize anthropogenic sources and interdecadal variability. From
the regression in Figure 5Sa, it is clear that PM [y(t)] and lapse rate [x(t)] exhibit a good
linear relationship. Overall, the inter-comparison shows a close agreement between the two
variables as indicated by the moderate-to-strong correlation. In fact, the large spatial extent
of the datasets used, coupled to the relatively large size of the domain lend confidence to
the strong statistical association.

Using the linear regression model (Figure 5a), it is possible to reconstruct APM
[y(t)] as a function of lapse rate [x(t)], where lapse rate is the proxy for inferring stability
or otherwise. To do this, we used lapse rate data at selected pressure levels, extracted from

the four CMIP5 forcing composites (Figures Sb—e). From the reconstruction, we can infer
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past PM levels and changes in PM concentration under different climate forcing
experiments. In the HISTORICAL-forcing (Figure 5b) scenario, PM increases with time
and appears driven by both increasing GHG (Figure 5d) and aerosols (Figure 5e). For the
natural conditions (Figure 5c¢), there is little to no change. The most striking trend revealed
is in Figure 5d, which suggests that under GHG forcing, the concentration of aerosols in
the IGP would continue to rise assuming PM emission sources remained constant — this is

a possibility that was hitherto unknown.

3.3. Direct Simulation of Aerosols

One might recall that, apart from aerosols them- selves, GHG’s can also induce
stabilization in the IGP (Figure 3f). Stable atmospheric conditions inhibit the dispersion of
aerosols through vertical mixing leading to the accumulation of more particulates — even
with constant PM source emissions. To corroborate the empirically derived PM and the
associated increases as shown in Figure 5, we performed the aforementioned WRF-Chem
experiment whereupon anthropogenic aerosol emissions were set constant at the year 2000
level while GHG concentrations and warming continued. The simulated PM, which is
shown in Figure 6, exhibits a clear increase even without the time-varying anthropogenic
aerosols. The marked interannual variability also indicates that PM does undergo climatic
modulations in the region. Both the climate effect and the GHG-induced warming can be
seen in the simulated temporal evolution of temperature lapse rate anomaly in the IGP,
plotted in Figure 6 alongside the simulated PM.

The WRF-Chem simulation lends support to the notion that increasing GHG

emissions as a singular factor can lead to a consequent increase in PM concentrations. In



13

the same way, PM rise (Figure 5e) results in aerosol-induced stabilization (Figure 3g),
which induces a positive feedback and so, traps more aerosols in the boundary layer — a
known phenomenon (Lau et al., 2005). Another implication from the long-term trends is
that GHG’s have a longer atmospheric residence time and so, prolongs atmospheric

stability conditions enhancing aerosol loading.

3.4. Other Measures

Several variables were analyzed to show seasonal synoptic changes in the IGP,
which primarily serve as validation for the outcome of the earlier lapse rate computations.
Figure 7 shows the seasonal long-term changes (slope) in 800 hPa potential temperature.
The atmosphere appears to have warmed up significantly in winter (Figure 7a) in contrast
to a net cooling in summer (Figure 7c). Furthermore, we analyzed the slopes of winter
precipitation and 2-m temperatures (T2m) within 2 different periods of time: precipitation
is observed to have declined over the last 34 and 20 years (Figure 8a), along with surface
cooling (Figure 8b).

Concomitant to the rainfall decline is the hypothesis that aerosols increase the
lifetime of clouds inducing an increase in the concentration of smaller droplets, which in
turn lead to decreased drizzle production and reduced precipitation efficiency (Bollasina et
al., 2008; Ganguly et al., 2012). The impact of aerosols on precipitation is by no means a
straightforward conclusion. It is important to note studies such as Kim et al. (2016) that
have associated the high concentration of aerosols over northern India to enhanced rainfall
in the late spring and early monsoon months, followed by a suppression of monsoon rainfall

over all of India. This is consistent with the elevated heat pump hypothesis by Lau et al.
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(2005). The vast extent of the deduction such as we have discussed illustrates the
complexity of aerosol forcing on climate, and under- scores the need for more research to
be conducted in this area.

Also apparent is a reduction in T2m (Figure 8b), which together with the decreasing
IGP precipitation are aligned with increased aerosol concentrations and enhanced stability
conditions (Figures 3a—h), especially at lower altitudes. The surface cooling (Figure 8b)
coupled to a warming trend aloft (Figure 7a) is not consistent with a normal environmental
lapse rate of decreasing temperature with height, and therefore reinforces the inferences of
a more stable atmosphere. The results presented here suggest that the trapping of light
absorbing aerosols (e.g. BC) through the enhancement of a thermal inversion layer
suppresses boundary layer convection, and is consequential as it constrains vertical motion.
Consequently, the light absorbing aerosols aloft serve to strengthen the inversion cap on
the boundary layer through warming, and may feedback to cool the surface (Markowicz,
2003), increasing the stability of the troposphere. The upshot is the trapping of more

aerosols especially so in basin-type terrain.

4. Conclusion

The research presented here looked at aerosol-climate interactions in the context of
regional climate change. The study involved the interactions between winter aerosols in
the IGP and atmospheric stability using several reanalysis datasets and CMIPS5 models
outputs. The lapse rate analysis across the IGP shows that the atmosphere is becoming
more stable, and both GHG’s and aerosols have a role in this stabilization. Through an

empirical model approach and WRF-Chem simulation, it is shown that aerosols/PM in the
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IGP can increase in the absence of a change in their emission sources — a process caused
by increased anthropogenic GHG that was previously not realized. Moreover, a positive
feedback exits whereupon aerosol-induced stabilization increases the accumulation of PM.
Collectively the consequences of a warming atmosphere is in the modulation of aerosol
concentrations compounded by the IGP’s basin-like orography. In the face of increasing
anthropogenic GHG’s, aerosol loading in the region will worsen whereupon exacerbation

of pollution and winter smog should be a future expectation.
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Figure 2-1a) Mean (2003-2012) MODIS aerosol optical depth. The section of the
IndoGangetic Plains under investigation is delineated by the red box. b) Mean (1979-2014)
meteorological conditions (ERA-I) in summer, and ¢) winter. Specific humidity is contoured
(gkg™!), 850 hPa air temperature is shaded (°C), and wind fields are superimposed as vectors

(ms™)
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Figure 2-2 Monthly climatology of aerosol optical depth and angstrom exponent from 2000-
2012 (AERONET).
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Figure 2-3 a-d) Domain averaged changes in mean Nov-Dec lapse rate anomalies (A[-d0/dp])
(shading). Liner trends in A[-d0/dp] are displayed here as black contours with an interval of
0.1 10-2 hPa-1. The thick (dotted) black contours are positive (negative) trends in lapse rate,
indicative of an increase (a decrease) in stability during the underlying periods. e-h) Same as
previous plot but for different CMIPS5 forcing runs. Each plot is an ensemble of 11 models,
comprising each models’ maximum available members. The thick bars along the vertical axes
indicate levels for which regression coefficients are statistically significant at 95%
confidence
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Figure 2-4 Scatter plot of changes in PM (MERRAero) and lapse rate (ERA-I) at different
pressure levels for Nov and Dec months, from 2002 to 2013. Both potential and actual
temperature were used, denoted by P and A on the legend respectively. The long-term trend
in each dataset was removed. In parentheses are the correlation coefficients (R), between PM
and each lapse rate proxy. The dotted lines in corresponding colors are the least squares best
fit to each set, with the optimal level (925 -800 hPa) emboldened.
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Figure 2-5 a) Scatter plot of PM (MERRAero) and lapse rate (ERA-I) for Nov and Dec
months, with the linear least squares best fit to the data. Each lapse rate proxy is an average
between two pressure levels as shown on the legend. The regression equation, correlation
coefficient(R), coefficient of determination (R?) and the standard error (SE) are shown on the
plot. b-e) CMIP5 (composite of 11 models, Table 1) estimates of PM with different forcing
data, based on the regression equation in (a). The optimal level is 925-800 hPa - shown in
red for potential temperature and blue for actual temperature, overlaid with their respective
linear trends in the same colors.
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Figure 2-6 a) WRF-Chem simulations: a) Domain averaged surface mass concentration of
PM (normalized), from 1980-2010. b) Mean Nov-Dec lapse rate anomalies (A[-d9/dp])
(shading) relative to the 1980-2010 base period. Liner trends in A[-d08/dp] are displayed here
as black contours. The experimental setup, physical and chemical schemes used for the
simulations are shown in Table 2
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Figure 2-7 a) Seasonal potential temperature (MERRA) slope at the 800 hPa level (1980-
2013). The Tibetan plateau and altitudes abovel000 m have been masked out. Units have
been converted to per 34-years.
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Figure 2-8 Slope of precipitation (UDEL) and 2-metres temperature (ERA-I), for different
time periods. The Tibetan plateau and altitudes above 1500 m have been masked out. Units
have been converted to per 34-years (1980-2013) and per 20-years (1994-2013).



Table 2-1 CMIPS5 specifics as used in the study. The CMIP5 models we used that utilize

interactive aerosol and prognostic cloud microphysics are emboldened.

Acronym Full name of Model Centre/Institute Resolution Ensemble
(lon. lat.) Size
(max)
CanESM2 Canadian Earth System Model, Canadian Center for Climate 2.8°x 2.8° 5
version 2 Modeling and Analysis, Canada
CCSM4 Community Climate System Model, National Center for Atmospheric 1.25°x1.0° 5
version 4 Research, USA
CESM1- Community Earth System Model, National Science Foundation (NSF)- | 1.25°x1.0° 2
CAMS version 1, with Community Department of Energy (DOE)-NCAR,
Atmospheric Model, version 5 USA
CNRM-CMS5 | Centre National de Recherches National Centre for Meteorological 1.4°x 1.4° 5
Meétéorologiques Coupled Global Research,
Climate Model, version 5 France
FGOALS_g2 | Flexible Global Ocean-atmosphere- LASG, Institute of Atmospheric 2.8°x 1.6° 4
Land System Model, grid point Physics, Chinese Academy of
version 2 Sciences, China
GFDL-CM3 | Geophysical Fluid Dynamics NOAA Geophysical Fluid Dynamics 2.5°x2.0° 5
Laboratory Climate Model version 3 | Laboratory, USA
GFDL-ESM2 | Canadian Earth System Model, version | NOAA Geophysical Fluid Dynamics 2.5°x2.0° 3
2 Canadian Center for Climate Laboratory, USA
Modeling and Analysis, Canada
GISS-E2-H Goddard Institute for Space Studies NASA Goddard Institute for Space 2.5°x2.0° 5
Atmospheric Model E, version 2, Studies, USA
coupled with the Hybrid Coordinate
Ocean Model (HyCOM)
GISS-E2-R Goddard Institute for Space Studies NASA Goddard Institute for Space 2.5°x2.0° 5
Atmospheric Model E, version 2, Studies, USA
coupled with the Hybrid Coordinate
IPSL-CM5A- | L’Institute Pierre-Simon Laplace Institute Pierre-Simon Laplace, France 2.5°x 1.25° 2
MR Coupled Model, version 5SA, medium
resolution Institute Pierre-Simon
Laplace, France
NorESMI-M | Norwegian Earth System Model, Norwegian Climate Center, Norway 2.5°x 1.9° 3
version 1, intermediate resolution
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Table 2-2 Experimental setup, major physical and chemical schemes used for the

WRFChem simulations of PM
Scheme
Short wave radiation scheme
Long wave radiation scheme
Cumulus scheme
Microphysics scheme

Planetary boundary layer scheme

Land surface model
Aerosol chemistry
Biogenic emissions

Experimental Setup

Reference
Goddard [Chou and Suarez 1999]

RRTM [Mlawer et al. 1997]
Grell 3D ensemble scheme

Lin scheme [Lin et al. 1983]

YSU scheme [Hong et al. 2006]

Noah [Chen et al. 1996]

RADM2 Chemistry[Chang, 1989] &GOCART
aerosols [Chin et al. 2002]

Gunther scheme [Guenther et al. 1993]

The experiment was forced by initial condition and lateral boundary condition derived from the
ECMWF Interim Reanalysis (Dee et al. 2011) and emission rates created from PREP-CHEM-
SRC 1.5 (Freitas et al. 2011). Anthropogenic aerosol emissions were set constant (year 2000
levels) from January 1979 to December 2010. The simulation was conducted within 15°S -
450N and 55°E - 129°N, with a grid resolution of 100 km.
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CHAPTER 3

THE 2014/15 SNOWPACK DROUGHT IN WASHINGTON STATE AND ITS

CLIMATE FORCING?

ABSTRACT

In what has since been nicknamed the “snowpack drought” of 2015, the 2014/15
cold season drought in Washington State and much of the Pacific Northwest (PNW)
resulted from exceedingly high temperatures notwithstanding normal precipitation
statewide, which caused cold season precipitation to fall as snow rather than rain in the
Mountains. The authors show that a significant portion of the circulation anomalies
associated with the 2014/15 snowpack drought can be explained by North Pacific climate
variability in the form of the North Pacific Index (NPI) with a modulation from the North
Pacific Oscillation. It is also found that there exists a unique cyclical relationship between
temperature and precipitation along the Cascades, that is predominantly driven by the 15-
years low frequency variability of the NPIL. This is a finding that can be utilized as a
supplemental tool for projecting future snowpack droughts and goes further to show that
perturbations in the natural climate state can drive years of extreme warmth and drought
even when precipitation is normal. Furthermore, a spectral coherence amplitude analyses
involving the 15-years lowpass NPI and the 15-years sliding correlation between cold

season precipitation and temperature (i.e. P-T SCORR) along the cascades was carried out

2 The material for this chapter was recently published as: Fosu, B. O., S.-Y. Wang, and J.-H. Yoon, 2016:
The 2014/15 Snowpack Drought in Washington State And Its Climate Forcing [in “Explaining Extremes of
2015 from a Climate Perspective”]. Bull. Amer. Meteor. Soc., 97 (12), S19-S24, doi:10.1175/BAMS-D-16-
0154.1. ©American Meteorological Society. Used with permission.
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using data from the thirty-member Community Earth System Model version 1 (CESM1)
large ensemble project. The results did not project significant changes in the peak
amplitudes of the cross-spectra, suggesting that both P-T SCORR and the NPI modulation

are natural variability that are not projected to change under warming.

1. Introduction

The State of Washington declared a drought emergency in May 2015 following a
drastic decline in snowpack over the adjoining Cascades (Figure 1a). Unlike past droughts
that were mainly caused by precipitation deficits (e.g. the 2005 drought — Anderson et al.,
2005), the 2014/15 cold season (Nov-Mar) produced near-normal precipitation statewide
(Figure 1b). In what has since been nicknamed the “snowpack drought” of 2015
(http://www.ecy.wa.gov/drought/), the drought was more a result of unprecedented warmth
(Figure 1c) that caused cold-season precipitation to fall as rain rather than snow on the
mountains. A small change in temperature can alter the water balance by reducing the
precipitation falling as snow, which results in declined snow water equivalent and summer
streamflow (Mote 2006, Stewart et al. 2004). This 2014/15 situation thereby sets an
example for the known effect of atmospheric warming on reducing mountain snowpack in
the Pacific Northwest (PNW), a known risk that has been reported by a sizable body of
research (e.g., Stoelinga et al. 2010, Mote et al. 2014, Abatzoglou et al. 2014).

Reduction in the PNW snowpack also increases the risk of wildfires, the latter of
which is evidenced by the remarkable 2015 wildfire season, the largest in the states' history.
Since snowpack is the major source of water storage in much of the Western United States,

a substantial reduction in any cold season would have serious ramifications on farming and
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water resources in the following spring and summer. A Washington Department of
Agriculture report (http://agr.wa.gov/FP/Pubs/docs/) estimates the 2015 drought alone has
caused more than $335 million in losses to the State’s agricultural industry. In this study,
we investigate the role natural climate variability played in the 2015 Washington State

drought and situate it in the context of anthropogenic climate change.

2. Datasets and Methodology

The observed mean surface air temperatures (T) and precipitation (P) were obtained
from monthly records of PRISM’s High Resolution Spatial Climate Data
(https://climatedataguide.ucar.edu). For the analysis of Northern Pacific climate
variability, NOAA’s Extended Reconstructed Sea Surface Temperature (SST) v4 was used
(Huang et al. 2015). Circulation patterns were based on streamfunction (¥) derived from
the NCEP/NCAR global wind reanalysis (Kalnay et al. 1996). NCEPS's daily two-meter
(Tom) air temperature dataset (Kristler et al, 2001) and CPC’s Unified Gauge-Based
Analysis of Daily Precipitation were used for the estimation of snow-precipitation ratio
(S/P) and snow frequency (SF); the latter was also used to characterize dry spells following
Gillies et al. (2012). Precipitation was fully classified as snow at To, < 0 °C. Since most
Washington’s snowpack is stored in the Cascades, we focused on the cold season of
November-March over the mountain ranges outlined in Figure 1a; i.e. all-time series were
area-averaged from the domain referred to as the Cascades.

Historical and future simulations with the Community Earth System Model version
1 (CESM1) (Hurrell et al. 2014) were analyzed to examine external climate forcing to

drought variability in the region and to project possible long-term changes. Thirty ensemble
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members produced by CESM1 with a spatial resolution of 0.9° longitude X 1.25° latitude
through the Large Ensemble Project (Kay et al. 2014) were used. The simulations cover
two periods: (1) 1920-2005 with historical forcing, including greenhouse gases, aerosols,
ozone, land use change, solar and volcanic activity, and (2) 2006-2080 with RCP8.5
forcing that represents a high-emission pathway (Taylor et al. 2012). The ensemble spread
of initial conditions is generated by the commonly used ‘round-off differences’ method

(Kay et al. 2014).

3. Result and Discussion

The simultaneous correlation between precipitation (P, Figure 1b) and temperature
(T, Figure 1c) along the Cascades (Figure 1a) in the past century has been weak (r < 0.1);
however, the coherency between P and T appears to fluctuate over time. To examine the
unique combination of near-normal precipitation (P) and high temperatures (T)
experienced in the 2014/15 cold season, we computed the sliding correlation between
observed P and T over the domain along the Cascades shown in Figure. 1a. Figure 1d shows
the sliding correlation (SCORR) between P and T within various windows ranging from 7
to 21 years, revealing a cyclical pattern in the coherency of P with T on inter-decadal
timescales. The correlation between P and T was mostly positive during the first third of
the century, after which negative correlations prevailed until the late 1970’s, then the
correlation pattern reversed back to positive. Even though the correlation coefficients are
only marginally significant at the peaks and troughs (for the 15-year window the significant
SCORR at the 95% interval is .48), the SCORR pattern bears a visual similarity to the low

frequency variations within the North Pacific, expressed by the North Pacific Index (Figure
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le). Calculated from the area-weighted sea level pressure over the region 30°N-65°N,
160°E-140°W, the NPI measures the intensity changes of the Aleutian low, which affects
cyclone frequency and passages over the PNW (Trenberth and Hurrell, 1994). The SCORR
pattern mimics the timing of major shifts in the sign of the NPI; a negative regime from
1947-1976, with positives dominating from 1925-1946 and from 1977 through the present.
Since the NPI and the Pacific Decadal Oscillation (PDO) are significantly correlated, the
PDO has a similar inter-decadal coherence with P and T. Here, we focus on the NPI since
the PDO is deemed an oceanic response to integrated atmospheric forcing (Newman et al.
2016) and strictly speaking, should not be directly regarded as a climate driver of the PNW.
In Table 1, we list an array of climate indices and their correlation coefficient with the P-
T SCORR using the 15-year window, and both the NPI and PDO stand out as being
significant at p<0.01.

Next, the weather processes that encompass the NPI regimes and dry spells in the
Cascades are examined. An extreme dry spell was defined as a prolonged period of at least
10 days without substantial precipitation accumulation (< 5 mm). As shown in Figure le,
more and prolonged dry spells (red dots) tend to occur in the positive NPI regime during
which temperature and precipitation tend to be positively correlated. In the opposing phase,
less intense dry spells are observed, with negative correlations between temperature and
precipitation. A third scenario exists, whereupon a correlation of near zero exist between
P and T. The 2014/15 event falls under such zero-correlation regime, and is evidence that
natural climate variability can drive years of extreme warmth and drought even when

precipitation is normal.
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To understand the circulation and SST patterns associated with wet and dry spells
along the Cascades, Figure 2a shows the 250 mb streamfunction and SST differences
between low and high snow frequency years. Low snow years are associated with a SST
pattern that is analogous to the positive phase of the PDO (or the Interdecadal Pacific
Oscillation that has a stronger tropical signal), with a warm tongue of water situated off the
coast of California accompanied by an anomalous ridge over the PNW. The 2014/15
circulation anomalies (Figure 2b) produced a similar yet amplified pattern including the
high pressure over the West Coast and a low pressure over northeastern North America.
This pair of circulations echo the dipole pattern associated with the 2013/14 California
drought (Wang et al. 2014, 2015; Funk et al. 2015) that occurred again in 2015. The
circulation anomalies associated with the NPI (Figure 2c) resembles the low-snow
frequency situation, as was previous documented (e.g., Mote 2006). By comparison, the
2014/15 circulation also bears resemblance to the pattern of North Pacific Oscillation
(NPO; Rogers 1981) (Figure 2d), with a similar (yet shifted) high-pressure ridge over the
western U.S. and warm SST anomalies in the northeastern Pacific. However, the 2014/15
SST anomalies feature a much warmer water around the PNW coast, referred to as a “blob”
of warmer water consolidated into the PDO’s region of ocean fluctuation that was
strengthened by the stagnation of high pressure in the Gulf of Alaska (Bond et al. 2015).

To analyze further the collective effects of NPT and NPO on the 2014/15 circulation
anomalies, we computed the regression coefficients of streamfunction and SST anomalies
with the NPI and NPO from 1949/50 to 2013/14, and weighted the coefficients against the
observed values of the 2014/15 season; this led to a statistical estimate of the anomalies

that are individually attributable to each mode. Then, a linear “attribution” analysis was
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carried out by removing the combined regressed patterns of the NPI and NPO from the
2014/15 anomalies (here, the NPO signal was “regressed out” from the NPI). The residual
(Figure 2e) shows a weak swath of warmer SST across the North Pacific with some patches
of cool waters, suggesting that the key SST feature in the 2014/15 situation near the PNW
has been considerably reduced. The drought-inducing ridge engulfing the West Coast
(Figure 2b) was also reduced by more than one half with a displaced center. The residual
SST could be explained by possible warming effects of anthropogenic greenhouse gases,
as was argued by Weller et al. (2015). Since the Cascades’ surface air temperature is
significantly correlated with the offshore SST (Figure 3), these results hint a collective
effect from anthropogenic warming and combined NPI-NPO modulation on the 2014/15
anomaly that led to low snowfall.

The limited length of observational data poses a challenge in verifying the inferred
NPI modulation on the fluctuating P-T relationship (i.e. P-T SCORR). Thus, to ascertain
possible changes in this NPI and the P-T SCORR relationship in future, we performed the
same analysis as in the observations using data from the CESM1's 30-member ensemble.
The CESM1's 30-member ensemble appears to capture the NPI in both the historical and
future runs (using the same definition as in the observation), without any noticeable trend
in the RCP8.5 runs (Figure 4a). Likewise, the model does not suggest any perceptible future
deviation from the SCORR pattern between P and T (Figure 4b) either. This result suggests
that the P-T SCORR and the NPI modulation is a naturally driven variability that is not
projected to change. More to this, the spectral coherence between the observed NPI (15-
years low pass) and the 15-years SCORR between P and T was computed. To address

uncertainty in the coherence at low frequencies/long periods, we computed the spectral
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coherence for two periods: 101 (Figure 5a) and 59 (Figure 5b) years. The spectral
coherency reveals dominant periodicities at 30-50 years, which is consistent with the NPI’s
periodicity. Here the low frequency band should be interpreted with caution owing to the
limited data length. Nonetheless, both the historical (Figure 5¢) and future (Figure 5d)
simulations of the CESM1 reproduced this 30-50-year spectral peak of the coherency. This
performance is in line with the CESM1’s noted ability in reproducing the broad North
Pacific SST variability (Yoon et al. 2015) and the supposed stationarity of the NPI (Figure
4a). Under the future scenario (RCP 8.5), the model projects an amplified spectral
coherency of SCORR with NPI while the frequency remains unchanged. However, the
increase in spectral coherency only marginally passes the red noise spectrum and therefore
does not suggest confidently that global warming would change the correspondence
between the P-T regime and the NPI.

Despite these results, anthropogenic warming continues to pose a threat to the
Cascades snowpack as shown in Figure 6a. The post-1970 increase in observed T coincides
with the rising trend of simulated T and these correspond to the expected decreasing trend
in the projected S/P (Figure 6b). However, the accelerated increase in observed temperature
and the record warmth in 2014/15 could be an early indication that, even though
precipitation in the PNW does not change in the future, the persistent warming will increase
the likelihood of a normal P and high T situation like 2014/15 or worse, a high T and low
P scenario as suggested in the negative SCORR regime of Figure 1d. In terms of risk
assessment, these results suggest that any superimposition of a high temperature with low

precipitation would exacerbate drought, making it potentially more severe than the 2014/15
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situation with normal precipitation. The CESMI1 projections lend support to such a

possibility in the future.

4. Summary

In the winter of 2014/15, the average temperature along the Cascades was the
highest on record and occurred in tandem with the emergence of extremely positive SST
anomalies that developed off the coast of the PNW. The high-pressure ridge increased the
PNW temperatures to a record level while reducing the snow frequency. Diagnostic
analysis presented here suggests that a significant portion of the circulation patterns
associated with the 2014/15 snowpack drought can be explained by the North Pacific
climate variability in the form of the NPI with a modulation from the NPO. Even though
the effect of North Pacific climate variability on the PNW is well known (Stoelinga et al.
2010, Mote et al. 2014, Abatzoglou et al. 2014), this study uncovered a unique cyclical
relationship between temperature and precipitation that is apparently driven by the low
frequency variability of the NPI. This process is especially concerning considering recent
findings that despite little long-term trend in average West Coast precipitation,
precipitation may be falling in more concentrated bursts (Prein et al. 2016) due to changes
in certain circulation patterns (Swain et al. 2016; Lehmann and Coumou 2015). Under the
warming climate, increasing air temperature embedded in stagnated ridge systems off the
West Coast (Diffenbaugh et al. 2015) can reduce snowpack even without an apparent
precipitation deficit — a situation that was realized in the 2014/15 snowpack drought of

Washington.
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Figure 3-1 a: Topographical map of Washington - the yellow box delineates the study
domain. b-¢: Domain averaged time series of normalized cold season precipitation and
temperature, both in gray, and their respective 15 years lowpass curves in black. d: 15-years
sliding correlation between P and T, in black. The gray lines show the sliding correlation
curves for different windows ranging from 7 to 21-years in 2 years’ increments. Years on the
x-axis represent the central year of the sliding window. e:15 years running mean (black) of
the NP index (gray), constructed from the area-weighted sea level pressure over the region
30°N-65°N, 160°E-140°W. The NPI sign has been flipped so that positive refers to a
deepening of the Aleutian low, which also will correspond to positive PDO phase. The red
dots are intense dry spells, and their duration [days].
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Figure 3-2 a: Composite differences in cold season circulation [250 mb 3 in contours,
interval: 0.3 106m2s-1] and SST (shading) between 31 low and 31 high snow frequency years
selected between 1950 and 2014. b: The observed SST and 250mb streamfunction anomalies
for 2014/15 cold season. c¢: A linearly regressed reconstruction of SST and 250mb
streamfunction anomalies related to the NPI, from the 1949/50 cold season to 2013/14,
weighed against the strength of the NPI in the 2014/15 season NPI. d: Same as (c) but for the
NPO e: Difference between (b) and (c), (i) (i.e. the leftover not linearly explained by the
NPI).



60N
3
30N g
0.5 &§
EQ 0.3 5
01 =
£
408 -013
-0.5

0 60E 120E 180 120W 60W

Figure 3-3 Correlation between Cascades temperature and global SST

45



46

1.5

0.5 A\

0.5 1/,

NP Index

1920 1960 2000 2040 2080

0.4 -

Corr. coefficient

-0.4 -

-0.8

1920 1960 2000 2040 2080

Figure 3-4 a: The 15-years running mean of the NPI, constructed as the area-weighted sea
level pressure over the region 30°N-65°N, 160°E-140°W for 30 CESM1 ensemble members
(in gray), and their ensemble mean (in red), for both historical and future RCPS8.5 runs;
adjoined. b: 15 years sliding correlation between temperature and precipitation. Years on the
x-axis represent the central year of the 15 years sliding window.
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Figure 3-5 a: Spectral coherence amplitude between the NPI and the 15-years sliding
correlation of observed cold season precipitation and temperature from 1908-2008. b: same
as (a) but from 1928-1986. c-d: Same as (b) but for CESM1 derived historical (1928-1997)
and future (2014-2072) PDO and SCORR outputs. The minimum number of time steps that
could be used was 59 years because of the limited extent of CESM1°’s future run. As a result,
only a comparable number of years in observations could be used to allow for easy
comparisons. Similarly, red curves represent the ensemble mean here.
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Figure 3-6 a: CESM1 LENS temperature - 5 years running mean applied to the ensemble
average (in red) for 30 ensemble members relative to the 1950-2005 base period, for both
historical (1920-2005) and future RCP8.5 (2006-2080) runs. The two epochs have been
adjoined. Gray shading represents the standard deviation (std) range of the individual
ensemble values corresponding to each time step relative to the mean. Trend lines for
corresponding epochs are superimposed in red. Observed temperature is superimposed in
black. b: Same as (a) but for snow to precipitation ratio (S/P) estimated from monthly data
of precipitation and temperature



Table 3-1 Climate indices correlation with SCORR. Indices obtained from
(http://www.esrl.noaa.gov/psd/data/climateindices/list/)

Climate Index Acronym Sliding Correlation
Artic Oscillation AO 0.181
Atlantic Multidecadal Oscillation AMO 0473
Central Pacific Teleconnection Index CP 0.199
Central Tropical Pacific SST Nino4 0.125
East Atlantic Teleconnection Index EA 0.347
East Pacific Teleconnection Index EP 0.013
Eastern Tropical Pacific SST Nino3 0.138
East Central Tropical Pacific SST Nino3+4 0.101
Extreme Eastern Tropical Pacific SST Nino1+2 0.128
North Atlantic Oscillation NAO 0.405
North Pacific Oscillation NPO 0.119
North Pacific Index NPI -0.512
Pacific North American Index PNA 0.351
Pacific Meridional Mode SST PMM 0.139
Pacific Decadal Oscillation PDO 0.532
Tropical/ Northern Hemisphere TNH 0.161

Western Pacific Teleconnection Index WP 0.174
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CHAPTER 4

SYNOPTIC AND CLIMATE ATTRIBUTIONS OF THE DECEMBER 2015

EXTREME FLOODING IN MISSOURI, USA?

ABSTRACT

Three days of extreme rainfall in late December 2015 in the middle of the
Mississippi River led to severe flooding in Missouri. The meteorological context of this
event was analyzed through synoptic diagnosis and forecast attribution into the
atmospheric circulation that contributed to the precipitation event’s severity. The
midlatitude synoptic waves that induced the extreme precipitation and ensuing flooding
were traced to the Madden Julian Oscillation (MJO), which amplified the trans-Pacific
Rossby wave train likely associated with the strong El Nifio of December 2015. Though
the near historical El Nifio contributed to a quasi-stationary trough over the western U.S.
that induced the high precipitation event, a constructive interference between the MJO and
El Nifo teleconnections resulted in a relatively weak atmospheric signature of the El Nifio
in comparison to that of the MJO. The influence of anthropogenic climate change on the
relationship between ENSO and precipitation across several central U.S. states was also
using investigated using 17 CMIP5 models from the historical single-forcing experiments.
A regime change in ENSO-related precipitation anomalies appears to have occurred, from
being negatively correlated before 1950 to positive and significantly correlated after 1970,

suggesting a likely effect of anthropogenic warming on the December 2015 extreme

3 The material for this chapter was recently published as: Fosu, B.; Wang, S.; Pegion, K. Synoptic and
Climate Attributions of the December 2015 Extreme Flooding in Missouri, USA. Water 2018, 10, 350.
do0i:10.3390/w10040350
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precipitation event. In addition, a forecast attribution analysis was conducted on the MJO-
associated circulation anomalies of the late December event using NCEP’s Climate
Forecast System (CFSv2). It was found that skillful subseasonal predictions of the MJO

with lead times exceeding two weeks are rarely achievable.

1. Introduction

During late December 2015, a low-pressure system moved ashore onto the West
Coast of the United States and later tracked northeastwards. This trough system induced a
strong band of thunderstorms across the U.S. Central and Southern Plains, bringing
unseasonably numerous tornadoes and unprecedented flooding (Figure 1a). The storm and
its aftermath caused 50 fatalities and an estimated $3 billion damages in 13 U.S. states,
with Missouri being the most impacted by flooding [1]. The meteorological causes of the
flooding in Missouri are evident: First, antecedent soil moisture conditions were saturated
(Figure 1b) due to a consistently wet year with record rainfall in November (Figure Ic¢).
Statewide precipitation was 300% of normal, making it the second wettest December on
record and the wettest since 1982 (Figure 1d). The soil conditions exacerbated the effect
of the widespread rains received in December (not shown), before the late-December storm
dropped about eight inches of precipitation. The atypical nature of the flooding is further
highlighted by the time of year it occurred, since major precipitation and flooding events
along the Mississippi River and Missouri have historically taken place in spring or summer
(e.g. [2]).
The persistent synoptic patterns associated with the flooding (Figure 1a) seems

to suggest a modulation effect from large-scale circulation anomalies. During December



52

2015, the El Nino Southern Oscillation (ENSO) was at a near record positive phase, and it
is well known that ENSO and its teleconnection can modulate the frequency of wintertime
extremes in the U.S. (e.gs [3,4]). Coincidentally, a mature Madden Julian Oscillation
(MJO) episode developed in December and appears to have interfered constructively with
the El Nifio effect (Figure 2a). As the primary source of intraseasonal variability in the
Earth’s climate system [5], the MJO's modulation of tropical convection can initiate
poleward propagating Rossby waves that impact extratropical weather patterns and, in turn,
influence the leading modes of low-frequency northern hemisphere variability, particularly
in the Boreal winter [6,7].

Against this backdrop, the purpose of this study is to evaluate the extent to which
large-scale circulation patterns associated with the El Nifio and MJO may have facilitated
the late-December 2015 extreme precipitation in Missouri. In terms of long-term changes,
it has been reported that the ENSO teleconnection has enhanced under a warming climate,
along with its impacts on the southern U.S. [8-10]. In view of this, we also investigate the
relationship between ENSO and precipitation across the central U.S. (with emphasis on
West-North Central and the Southern Plains) and how that has changed under global
warming. This is followed by an assessment of the ability of forecast models to capture the
associated circulation anomalies.

The rest of the paper is structured as follows: in Section 2, we outline the
methods used to align the typical MJO phase with this case in December 2015, as well as
the approach used for assessing the role of the El Nifio teleconnection. We move on to

results and discussion in Section 3, and provide some concluding remarks in Section 4.
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2. Data and Methodology

2.1 Data Sources

The Climate Prediction Center’s (CPC) model-calculated monthly soil moisture at
0.5° grid spacing is used to estimate monthly soil moisture anomalies [11]. For
precipitation, we utilize the CPC morphing technique (CMORPH, [12]) and the Parameter-
Elevation Regressions on Independent Slopes Model (PRISM, [13]) datasets for daily and
monthly fields respectively. To analyze atmospheric circulation, output from the National
Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) global reanalysis at 2.5-degree resolution is used [14].

Attribution analysis is carried out by assessing current and future changes to
ENSO’s teleconnection impact on precipitation using 17 models from phase 5 of the
Coupled Model Intercomparison Project (CMIPS5). We specifically analyze two historical
single-forcing experiments, i.e. the natural-only forcing (NAT) and the greenhouse gas
(GHG)-only forcing [15]. Each experiment produced multiple members initialized from a
long-stable preindustrial (1850) control run up to 2005. Table 1 in the supporting
information provides the full name, institute, ensemble size, and spatial resolution of each
model.

To assess the subseasonal prediction of the December extreme flooding, we
evaluate operational forecasts from NCEP's Climate Forecast System version 2 (CFSv2)
[16], which includes outputs from four model runs, each made 6-hourly at 00, 06, 12, and
18Z UTC. The forecast from each initial condition covers 9 full months. For daily forecasts,

an ensemble of all the 16 initial conditions each day is used. All model forecast products
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are re-gridded to a 2.5° x 2.5° resolution to enable comparisons with results from the

NCEP/NCAR reanalysis to focus on the large-scale circulation features.

2.2 Determining Relevant MJO Phases

The MJO has often been identified by use of an empirical orthogonal function
(EOF) analysis. In this study, the state of the MJO is defined by projecting daily anomaly
data onto the leading pair of empirical orthogonal functions (EOFs) of equatorially
averaged (15°S-15°N) 200 hPa velocity potential ()200) fields. The EOF analysis covers a
three months’ period (Dec 1 - Feb 28), and is performed on yearly basis, i.e. from 1979 to
2015. Prior to the EOF computation, 200 is bandpass filtered to the intraseasonal period of
30-60 days to isolate the MJO signal, a method dating back to several MJO studies. The
MJO can also be viewed in a two-dimensional phase space defined by the two-leading pair
of principal component (PC) from the EOF analysis. Since the phase space diagram is a
method to observe both the amplitude and the phase of the MJO during its propagation, we

construct yearly phase space diagrams and use them to identify “MJO activity days,”

defined as days when the MJO amplitude (i.e.V/PC12 4+ PC22) is greater than or equal to
one. Note that before the phase space diagrams are constructed, the two PCs are normalized
with their respective mean and standard deviation.

This approach generally follows the methodology of [17] (WHO04), but unlike
WHOA4, we use velocity potential ()200) for the EOF representation instead of a combination
of OLR, 850-hPa zonal wind (u850) and 200-hPa zonal wind (u200). [18] shows that OLR
is a relatively noisy field both spatially and temporally, with variability mostly limited to

the Eastern Hemisphere. Additionally, the inverse Laplacian used to calculate 200 acts as
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a smoother, which makes 200 more sensitive to global-scale variations of divergence rather

than being concentrated on the Indo-Pacific warm pool like OLR.

2.3 Synoptic Attribution Methods

This section outlines the attribution methods employed to assess the relative
contributions of the MJO and El Nifio to the synoptic conditions associated with the late
December 2015 extreme rainfall, and subsequent flooding in Missouri. This is quite a
lengthy section but is necessary to properly interpret the ensuing results from our diagnostic

methods.

a. The 2015 December MJO Episode

First, the spatial representation and evolution of the MJO event during which the
late December 2015 Missouri flooding occurred is constructed. For the remainder of this
paper, we call this MJO event the “December MJO episode.” In accordance with the phase
space diagram for year 2015, the spatial evolution of the December MJO episode is
developed by averaging all MJO activity days (i.e. amplitude > 1) in each given phase. This
is done for both 200 hPa velocity potential (y200) and streamfunction (1,,,) over a domain
spanning the globe longitudinally and from latitude 40°S-80°N. Both 200 and 1, are
bandpass-filtered within a 30-60 day intraseasonal frequency.

Next, we take an approach based on the idea that the contribution of the December
MJO episode to the synoptic conditions that caused the Missouri flooding can statistically
be separated. This can be achieved through regression analysis that involves an “MJO

phase composite” comprising past MJO events with identical characteristics to the
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December 2015 MJO episode. In line with this, 36 MJO episodes before 2015 are
constructed on yearly basis, from 1979 to 2014 by following the initial steps outlined
above. The so-called MJO phase composite is created from these 36 MJO episodes. But
before the composition is done, we take measures to ensure that the eight phases of the
MJO phase composite can correctly align with the corresponding phases of the December
2015 MJO episode. This is necessary for two reasons: First, it provides an objective basis
for a more direct empirical comparison between the MJO’s general structure and the
December episode. Second, it ensures that the MJO phase composite can serve to attribute
the source of the December 2015 circulation anomalies.

To achieve the aforementioned alignment, corresponding phases of the December
2015 MJO episode and past MJO episodes are subjected to a spatial correlation analysis.
If the resulting correlation coefficients at all eight phases for any past episode remains
robust above 0.8, that episode is retained. Twenty five out of the 36 past MJO episodes
satisfy the criteria and are synthesized to create two MJO phase composites - one for y200

and the other for 1,,.

b. MJO Related Anomalies

The MJO’s contribution to the synoptic conditions that led to the late December
2015 Missouri flooding is calculated by linearly regressing the eight phases of the 2015
December MJO episode on the eight phases of the MJO phase composite. This can be
expressed by

Yy = aX(xy) +b
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where Y and X are the December MJO episode and the MJO phase composite respectively,
both are on a spatial longitude-latitude (lat-lon) domain. The regression coefficient « is

considered an estimate of the historical effect of the MJO in December. Therefore a(y ) is

composed of the regression coefficients of several time series regressions at every given
grid point within a specified domain. Consider a least-squares regression between two
datasets with eight time steps (representative of the MJO phases) over a lat-lon domain (i.e.
180°E-180°W, 40°S-80°N), instead of a regression between two sets of time series. At this
point, the statistical estimation of the MJO “component” of the December 2015 circulation

anomalies becomes possible by multiplying the regression output @y, to the December

MJO episode at every phase. This is done for both 200 and V5.

One may argue that a more straightforward calculation of the MJO’s contribution
to the flooding can be achieved by simply replacing the MJO phase composite with MJO
amplitude in the regression. However, MJO amplitude is calculated from the two leading

principal components (PCs) generated through EOF analysis ( i.e.amplitude =

VPC12 + PC22) and therefore, will not include the phase information of the MJO in a
regression. While the WH04 RMM indices or PC’s of MJO proxies have emerged as the
optimal way of explaining MJO variability, unless taken together, a single PC index by
itself cannot explain all the variability associated with the MJO. On the other hand,
employing the phase composite as used here accounts for both the amplitude of the MJO
and its “correct” phase, which is critical in terms of the actual MJO event days. Although
somewhat unconventional, our composite approach ensures that both the phasing and

amplitude of the MJO are accounted for in the regression.

c. ENSO Related Anomalies
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On the seasonal timescale, the effect of the strong El Nifio in December 2015 on
circulation is also assessed. The ENSO signal is defined as the Nifio 3.4 index (N34), i.e.
the normalized SST anomaly over the 5° S - 5° N and 170° W-120° W region of the Pacific
Ocean. Here, we use monthly N34 anomalies to approximate the impact of ENSO during
each phase of the MJO. For each MJO phase, monthly N34 values are assigned to the 25
previously selected past MJO episodes. The initial outcome is a 25-point index for each
MJO phase. However, for the subsequent regression analysis we only use a version of each
index with N34 anomalies greater than one standard deviation (i.e. strong ENSO events),
which we call a “strong N34 index.” While this may appear subjective, it follows previous
research that during weak ENSO events, there is no clear Pacific/North American
oscillation pattern which prevents influential energy propagation towards the continental
U.S. [19,20].

To calculate the portion of circulation anomalies attributable to ENSO, 1,,, (on a
spatial domain) is regressed on the strong N34 index at every phase. The resulting
regression outputs are taken as representative of the historic ENSO effect on each MJO
phase. We then multiply the regression outputs by values of the N34 index corresponding
to the 2015 December MJO episode, to obtain statistical estimates of the December 2015
circulation anomalies attributable to the El Nifio by phase.

Once the attributable components of the MJO and ENSO have been calculated for
the December MJO episode, a synoptic attribution analysis is carried out. For %200, we only
remove MJO component (i.e. the portion of the circulation anomalies attributable to the
MJO) from the December MJO episode. For Y, , both the MJO and ENSO components

(i.e. the typical MJO impact, plus strong ENSO signals regressed out of the 2015 December
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MJO signal) are removed. What is left, the residual, is then regarded as the portion of the

circulation that cannot be explained by ENSO and the MJO.

3. Results and Discussion

Figure 1 shows the synoptic evolution leading up to the late December 2015
extreme precipitation event and characteristics of the moisture fields associated with it.
Precipitation occurred during an extended period (Dec 25-28) over several central U.S.
states in a band of thunderstorms generally stretching from Illinois to Texas, with a center
over Missouri. Concomitant with this was a quasi-stationary trough over the western U.S.,
which deepened prior to inducing the strongest precipitation event on December 27.
Markedly, the anomalies of vertically integrated moisture flux as shown in Figure 1 are
effective in highlighting the strongest areas of moisture transport associated with the
heaviest rainfall, where instability remained strong upstream of the trough along the axis
of the mean wind.

To characterize the December 2015 circulation patterns and associated ENSO
teleconnection, we first show in Figure 3a a regression of the Nifio 3.4 index on 250-hPa
height anomalies from 1950 to 2014, in comparison with the December 2015 circulation
anomalies plotted in Figure 3b. A trans-pacific wave train emanating from Asia into North
America is discernable in either case, and depicts an anomalous Aleutian low over the
Northern Pacific with a height anomaly of opposite polarity over the Plains states [21].

Next, we illustrate in Figure 3c the Hovmoller diagram of the 20-year sliding
correlation between Nifio 3.4 and precipitation averages along a longitudinal cross section

of the central U.S. (95°W-85°W; during December), to depict the link between the
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changing ENSO teleconnection pattern and local precipitation response. The 20-year
sliding window is chosen to examine the decadal-scale variations between ENSO and
precipitation [22]. There exists an apparent “regime change” in the ENSO-related
precipitation anomalies across the target region, from being negatively correlated before
1950 to positively and significantly correlated after 1970. This implies a general
amplification effect of the El Nifio teleconnection on Southern Plains precipitation as was
reported in [10,23]. Different sliding windows ranging from 10 to 25 years were also tested.
The result did not indicate any significant difference in the correlation pattern.

The MJO episodes embedded in the December 2015 event are also examined.
Figure 4a illustrates the evolution of the global y200 from early December to mid-January,
revealing an eastward propagating pattern that shows a clear association with the MJO. As
expected, the December MJO episode (Figure 4a) and the corresponding composite of past
MJO cycles (Figure 4b; created from the alignment method introduced in Section 2.2a)
show a coherent eastward propagation. While it may be difficult to differentiate between
the two patterns, the residual plot in Figure 4c, computed by subtracting Figure 4b from
Figure 4a, does show only regional and somewhat stationary features. This implies that the
MJO did have a discernable impact on the global divergent circulation during December
2015. The inadvertent difference in magnitude between the phases of the December MJO
episode and that of the composite may be considered a limitation in our regression
approach. Although all MJO event days are selected using the same criteria, the magnitude
of a well-defined MJO event (amplitude > 1 for consecutive pentads and lasts longer than

25 days, Figure 2b) like the December episode would always be greater than that of any
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MJO composite. However, a correct phase of the MJO is equally important as its amplitude
to North American weather (24-25) and is a key factor in the context of this study.

One of the fundamental and underlying mechanisms by which tropical convection,
such as that associated with the MJO excites Pacific/North American (PNA) like
teleconnection patterns (ref Figure 3a) is through the linear dispersion of a Rossby wave
triggered by the tropical heating [25]. To examine this extratropical wave train induced by
the MJO’s convective forcing, we repeat the analyses of Figure 4 using y),o. This time,
we superimpose the wave-activity flux for stationary waves as derived by [26] (Figure 5).
The general characteristics of the anomalous circulation patterns between the December
2015 MJO cycle (Figure 5a) and the composite MJO cycle (Figure 5b) are similar.
Focusing on the period prior to the floods (Phase 6), strong Rossby wave trains steadily
propagate eastward from the tropical Pacific towards North America during the preceding
weeks (phases 4 and 5; Figure 5a). The circulation patterns from phases 4 to 6, particularly
in phase 6, resemble the ENSO-induced teleconnection pattern; these are consistent with
previous findings that MJO-storm track variability associated with ENSO and phases 5 and
6 of MJO have qualitatively similar characteristics to that associated with the PNA [27,28].
Furthermore, Figure 5a lends support to the notion that it takes a week for any tropical
diabatic heating signal to propagate into North America [29] and about 2 weeks for the
extratropical response to fully develop [30]. The relatively strong amplitude of the
December MJO (ref Figure 2b) forced the eastward flux of Rossby waves which, in turn,
triggered robust extratropical atmospheric responses prior to phase 6 (the storm event) as

shown by streamfunction and the wave activity flux in Figure 5.
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The residuals in Figure 5c reflect what is left from the December 2015 cycle after
the linear removal of the combined impacts of the MJO and ENSO, as outlined in sections
2.2b and 2.2c¢. Of the remaining circulation anomalies, the wave-activity flux in Figure 5¢
does not resemble any prominent teleconnection source and therefore, mostly comes from
internal variability associated with synoptic disturbances over the north Pacific. It is
important to mention that, only the removal of strong ENSO events as discussed earlier
had a noteworthy impact on the anomalous circulations as seen in Figure 5c. Yet, ENSO’s
effect was not as large as the MJO's subseasonal contribution. These results demonstrate
that the synoptic patterns associated with the heavy precipitation can be primarily attributed
to MJO-related circulation anomalies.

As is shown in [31, 32], the extratropical response to the MJO is enhanced when
MJO-related convection is in phase with heating and convection anomalies associated with
certain ENSO phases. However, attempts to uncover a systematic relationship between the
MJO and ENSO have yielded conflicting results [33] due to nonlinearity in their combined
impact [33]. Reference [6] showed that the occurrence probabilities of Pacific North
America (PNA) like MJO teleconnection patterns are more likely to occur during El Nifio
periods than during La Nina or neutral periods, while a more recent study by [34] shows
that strong MJO activity significantly weakens the atmospheric branch of ENSO. That said,
the simple fact that ENSO imprints are longer than the episodic MJO phases makes
attribution difficult. These are the likely reasons why the atmospheric signature of a near
historical El Nifio was relatively weak in comparison to the MJO during late December

2015.
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3.1 Climate Change Impacts

Recall that Figure 3c depicts a regime change in the ENSO-related precipitation
anomalies across several parts of the Central and Southern Plains. To attribute the causes
of this apparent regime change, we repeat the analysis in Figure 3¢ using two forcing
scenarios of 17 CMIP5 models. The result is presented in Figure 6 - the CMIP5
representation of the 20-years sliding correlation between the Nino-3.4 index and
precipitation. In the GHG run (Figure 6a), the model spread (contours), along with the
ensemble mean (shading), which is the composite mean of 17 models (Table 1), depict a
general strengthening of the relationship between ENSO and precipitation across the
central U.S. Note that only statistically significant contours based on the Student’s t-test at
the 95% confidence level are drawn. On the contrary, the NAT run (Figure 6b) exhibits a
relatively weak relationship between ENSO and precipitation. Although this result does
not directly address the impact of climate change specifically on the December 2015
Missouri flooding, it does lend support to the observations (Figure 6¢) and previous studies
(e.g., [10]) that the regime change in the ENSO-induced precipitation anomalies across the
Southern Plains is likely linked to the warming climate. Further examination of the MJO’s
effect on precipitation in the Southern Plains will be needed when the CMIP5 models’

performance in the tropical intraseasonal variability is improved.

3.2 Climate Forecast Attribution

The fact that both ENSO and MJO are relatively predictable climate features leads
to an intuitive question concerning how predictable the MJO’s impact on the Dec 2015

event was. We analyze the CFSv2’s forecast of the December 2015 case of the MJO and
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its related circulation anomalies. We compute the ensemble mean forecast of y200 (Figure
7a) and P,y (Figure 7b) anomalies relating to phase 6 of the MJO for up to 15 days’ lead
time. Each forecast is a five-day mean prediction for December 24-28. Generally, the
model can resolve both the MJO's velocity potential (Figure 7a) and streamfunction
signatures (Figure 7b) up to 15 days in advance; this is consistent with earlier findings from
studies of this nature (e.gs. [35,36). The CFSv2 also realistically simulates the spatial
patterns of the MJO, although the robustness (correlation score of 0.5 or greater) of the
waveform in the streamfunction is underestimated as compared to the observations.
Additionally, the pattern correlation between daily December circulation anomalies from
model forecasts and the observations is computed for y200 (Figure 7¢) and Y, (Figure 7d)
—in terms of a 92-day forecast skill chart. It appears that the highest model skill is achieved
in the first 10-20 days after which predictability begins to drop (Figures 7c and 7d), as was
the case reported by [36].

When it comes to the MJO, skillful subseasonal predictions with lead times
exceeding two weeks are rarely achievable (e.g. [37]). In the case of December 2015, the
model skill is particularly low during the two weeks from December 8-21, corresponding
to phases 4 and 5 when the MJO is over the maritime continent (Figures 4 and 5). This
appears to corroborate the so-called Maritime Continent prediction barrier [38]. Based on
Kim et al. (2014), the 2 weeks’ time frame also corresponds to the nominal time for the
transition between alternative periods of enhanced and suppressed convection by the MJO,
and shows prediction of the MJO in the CFSv2 is sensitive to, and varies with MJO phase.
Thus, while the forecast skill of the MJO with tropical velocity potential (Figure 7a) is

good for about 20 days, the extratropical teleconnection in terms of streamfunction is only
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predictable up to five days. This limitation signifies the need to improve the simulation of
MJO teleconnection, an outstanding challenge facing intraseasonal prediction as was
identified in the recent U.S. Climate Variability and Predictability Program (CLIVAR)
Summit Meeting Report (https://indd.adobe.com/view/481cb04c-8540-4a09-b47c-

568e5a62¢e7c3).

4. Concluding Remarks

The spatial and temporal features of the large-scale circulation anomalies
associated with the late-December 2015 flood in Missouri were analyzed. Through
synoptic attribution analyses, we found a constructive interference between certain MJO
phases and the El Nifio during the time leading up to the Missouri flood. Consequently, an
unusually high precipitation event occurred during phase 6 of the MJO cycle, i.e. from 23
to 28 December. At this time, the MJO's convection amplified a trans-Pacific Rossby wave
train that resembles the ENSO-driven teleconnection pattern from the tropics to form the
constructive interference. This contributed to an energized upper-level circulation and
strong jet stream flow over the contiguous United States and led to the advection of intense
cyclone activity into the Central and Southern Plains (e.g. [39]). In the long term, the effect
of anthropogenic warming on the December event is also implied through the analysis of
several CMIP5 models. The models suggest that the response of precipitation in the central
U.S. to ENSO would be enhanced owing to a warming climate.

With this study, we seek to provide a meaningful contribution to the literature on
the synoptic attribution of climate extremes and help improve the prediction of climate

extremes. Examination of the MJO's prediction skill in the CFSv2 shows that the model
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realistically simulated the spatial patterns and propagation associated with the MJO during
December 2015 up to about 20 days in advance. However, the prediction skill of the MJO
in the CFSv2 varied by phase for this event. While this paper generally exploits the
predictability of the MJO in the CFSv2 model as has been demonstrated in some past
studies, future studies could be centered on how the prediction of the MJO in other climate
forecast models are directly related to the forecast of the tropical intraseasonal variations

and associated midlatitude teleconnections.
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Figures
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Figure 4-1 a. Meteorological evolution of the late December event: 250-hPa winds (vectors)
and precipitation (mm, shading), from 25-29 Dec 2015. Areas of positive (negative)
vertically integrated (from 1000-300 mb) moisture flux convergence greater than 3x10“*kgs-
I are represented by magenta (green) stipplings. Upper-level short wave troughs are marked
with yellow curves. The dark red box delineates the most affected storm areas, i.e. the study
region. b. 2015 monthly soil moisture (blue outline) (cm) in comparison to the 1950-2010
climatology (gray bars). ¢. 2015 monthly precipitation (bars) expressed as a percentage of
the 1950-2010 climatology and d. Statewide December precipitation (mm, time series) for

Missouri.

Meteorological Evolution

\ \\_,/,////m_

AN > -
Zrasl, |
\\,\\*?7”’”d
\\\\ e e S
\\\M' | SN
\W//y‘/////z,, BN

i 25.»».,-»/,'////‘// ...... B

NN o]
RN
i e

RO~ S
\.\\\\\\,\‘;//

\tté\\i:_////?’/ . Z'/////..-\\\
\\\\‘w//‘/////////n-\\ \

DecW””””” ,,,, h

TS

/9'////,.,.\ <

- . o TN
P e T
/’/'/'/A.\\‘ R //;////'/ S S

..........

S S g
e S5esss ._/)’P"/'/// A L .

\\\\ P R R

/_Y‘W
\\\‘/Nnu//////w
z\\\./tf/::/ff/‘//:y'/ &

\\\v-””"'” 1:: [ R
NN 11l

S Wiss 7=~
- S e o N
W///v \\\\\\\\\\

AT /k}}{ o]
W UEEES
SRR 7% S/ SN
‘\\\\\\M//W/////,.,_. .

\\M/}'/////zn__ Ay

P (Gt 4 PR

120W  100W  80W  60W

\\\_\.——a—w lx‘px T I

O R s

Sy ,\\\\ttll/;j‘////' 20
1t P AL I

o WS

30

10

0

72

b. Soil Moisture, Missouri
54 -

51 1
48
45

42

Feb Apr Jun Aug Oct Dec

350 T
2015 precipitation as a percentage

3001 of climatology

250 1
200 1
150
100

50

0 B
2loliI5FEB MAR APR MAY N UL AUG SEP OCT NOV DEC

d. December Precipitation, Missouri
210 982 Ja01s
180+

150
120+
901
601
301

0 T T T T T T T T
1905 1920 1935 1950 1965 1980 1995 2010



73

a. 0) 0)
3 SN
< <
Q | Q
[0} 0]
w w

w0 -0—— w0 -w—-
p o] P ]
S’>
A
]
O
(&)
C
O
A
/M2 e ——— e /S
—40-3224-16-8 0 8 162432 40 -10-8-6-4-20 2 4 6 8 10
[RMM1, RMM2] Phase Space for 27-Nov-2015 to 05-Jan-2016
b. .
; 7 Western 6

Pacific

Lunuo))
SwinLepy

RMM2

Indian
2 Ocean 3

-4 -3 2 -1 0 1 2 3 4
RMM1

Figure 4-2 Longitude-time plot of the 7-day mean a. outgoing longwave radiation (OLR)
and 850 mb wind anomalies (base period: 1981-2010) averaged over 5S-5N, from July-Dec
2015. The thick yellow bars on the longitudinal axes highlight the ENSO region. b. Phase
space diagram for 27Nov2015 - 5Jan2016 illustrating the phase and amplitude of the activity
days of the 2015 MJO cycle, based on the principal components (RMM) of the first two EOFs
from a combined EOF analysis using 850 hPa zonal wind, 200 hPa zonal wind and OLR.
Counter-clockwise movement around the diagram indicates an eastward propagating signal
across eight phases from the Indian Ocean to the Pacific and later the western hemisphere.
Color of lines distinguish different months and dates are annotated. The farther away from

the center of the circle the stronger the MJO signal.
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Figure 4-3 a. Regression of 250-hPa height anomalies with Nifio 3.4 in December, from
1950-2014 b. December 2015 250 hPa height anomalies as a departure from the 1950-2010
base period. ¢. Latitude-time plot of the 20-years sliding correlation between Nino 3.4 and
December precipitation averaged over longitude 95°W-85°W. On the x-axis are the central
years of the correlation window. Green stipplings show significant areas at the 95%
confidence level.
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Figure 4-4 a. 200-hPa velocity potential anomalies based on the eight phases of the
December 2015 MJO episode described in the text. b. Composite of 200-hPa velocity
potential anomalies based on 25 prior MJO episodes ¢. Velocity potential anomalies not
linearly explained by the MJO (i.e. linearly regressed construction of the MJO’s impact
subtracted from the December event anomalies of yy). Green stipplings show significant areas
at the 95% confidence level.
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Figure 4-5 a. 200-hPa streamfunction anomalies based on the eight phases of the December
2015 MJO episode described in the text. b. Composite of 200-hPa streamfunction anomalies
based on 25 prior MJO episodes c¢. Streamfunction anomalies not linearly explained by the
MJO and ENSO (i.e. linearly regressed constructed impact of both the MJO and ENSO
subtracted from the December event anomalies of ). Corresponding wave-activity fluxes
are superimposed in vectors.
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Figure 4-6 20-years sliding correlation between the December Nino 3.4 index and
precipitation averaged longitudinally over 95°W-85°W, as depicted by 17 CMIP5 models in
two scenarios - (a) GHG run and (b) Natural run. Shading represents the ensemble mean.
Years on the x axis represent the central years of the sliding window. The ensemble spread
is in contours and only statistically significant contours based on the Student’s t-test at the
95% confidence level are drawn. Figure 6¢ is a repeat of Figure 3¢ with a comparable
timespan to the model runs.
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Figure 4-7 CFSv2 ensemble mean forecast of a. x and b. 1) anomalies relating to phase 6 of
the December MJO episode for up to 15 days’ lead time. 92-days forecast of ¢. y and d.
anomalies that are associated with the MJO for December 2015. The thick yellow lines show
the times corresponding to phases 4 and 5 when the MJO is over the maritime continent.
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Table 4-1 Full name, institute, ensemble size, and spatial resolution of the CMIP5 models

Acronym

BCC-CSM1

BNU-ESM

CanESM2

CCSM4

CNRM-CM5

CSIRO-Mk3

FGOALS-g2

GFDL-CM3

GFDL-ESM2

GISS-E2-H

GISS-E2-R

HadGEM2-ES

IPSL-CM5A-

MR
MIROC-ESM-
CHEM
MIROC-ESM

MRI-CGCM3

NorESM1-M

Model full name

Beijing Climate Center, Climate System
Model, version 1.1

Beijing Normal University—Earth System
Model

Canadian Earth System Model, version 2

Community Climate System Model,
version 4

Centre National de Recherches
Météorologiques Coupled Global Climate
Model, version 5

Commonwealth Scientific and Industrial
Research Organisation Mark, version
3.6.0

Flexible Global Ocean-Atmosphere-Land
System Model, grid point version 2

Geophysical Fluid Dynamics Laboratory
Climate Model version 3

Geophysical Fluid Dynamics Laboratory
Earth Science Model 2 with Modular
Ocean Model (MOM), version 4.1
Goddard Institute for Space Studies
Atmospheric Model E, version 2, coupled
with the Hybrid Coordinate Ocean Model
Goddard Institute for Space Studies
Model E, version 2, coupled with Russell
ocean model

Hadley Centre Global Environmental
Model 2, Earth System

L'Institut Pierre-Simon Laplace Coupled
Model, version 5A, medium resolution

Model for Interdisciplinary Research on
Climate Earth System Model, chemistry
coupled version

Model for Interdisciplinary Research on
Climate Earth System Model

Meteorological Research Institute
Coupled General Circulation Model,
version 3

Norwegian Earth System Model, version
1, intermediate resolution

Center/Institute, country

Beijing Climate Center, Meteorological
Administration, China

College of Global Change and Earth
System Science (GCESS), China

Canadian Center for Climate Modeling
and Analysis, Canada

National Center for Atmospheric
Research, USA

National Centre for Meteorological
Research, France

Commonwealth Scientific and
Industrial Research Organization/
Queensland Climate Change Centre of
LASG, Institute of Atmospheric
Physics, Chinese Academy of Sciences,
China

NOAA Geophysical Fluid Dynamics
Laboratory, USA

NOAA Geophysical Fluid Dynamics
Laboratory, USA

NASA Goddard Institute for Space
Studies, USA

NASA Goddard Institute for Space
Studies, USA

Met Office Hadley Centre, UK

Institute Pierre Simon Laplace, France

Japan Agency for Marine-Earth Science
and Technology, Atmosphere and
Ocean Research Institute (The

Japan Agency for Marine-Earth Science
and Technology, Atmosphere and
Ocean Research Institute, and National
Meteorological Research Institute,
Japan

Norwegian Climate Center, Norway

Resolution

(lon.xlat.)

2.8°x2.8°

2.8°x2.8°

2.8°x2.8°

1.25°x1.0°

1.4°x 1.4°

1.8°x 1.8°

2.8°x 1.6°

2.5°x2.0°

2.5°x2.0°

2.5°x2.0°

2.5°x2.0°

1.8°x 1.25°

2.5°x 1.25°

2.8°x2.8°

2.8°x2.8°

l.1°x 1.1°

2.5°x1.9°

Ensemble
size (max)
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CHAPTER 5

UNDERSTANDING LONG-LEAD ENSO PREDICTIONS: EXPLORING THE
EXTRATROPICS AS A PRIMARY SOURCE OF ENSO’S

ATMOSPHERIC FORCING

ABSTRACT

The Western North Pacific (WNP) mode and the Pacific Meridional Mode (PMM)
are two North Pacific ENSO precursor patterns. This study investigates the evolution of
the WNP and PMM and their dynamical relationship using a decomposition of the ocean
mixed layer heat budget equation and the vertical mass of the Walker circulation. It is found
that strong upward equatorial heat flux anomalies and advection occur in concert with a
warming SST in both the WNP and the PMM during the development of an El Nifio (sign
reversed for La Nina), illustrating the two precursor patterns are inherently linked to
equatorial ocean dynamics and reflect the dominant mechanisms that lead to SST changes
during ENSO development. In the early stages of ENSO development, SST anomalies lag
air-sea fluxes by about a season, whiles the development of the PMM generally lags the
WNP by another season. In addition, in comparison to the PMM, the WNP appears to have
a more robust temporal and spatial relationship with the Pacific Walker circulation, which

is an inherent part of ENSO variability.

1. Introduction

Long-lead predictions of the El Nifio Southern Oscillation (ENSO) relies critically

upon the identification and tracking of the so-called conduits (or precursor patterns) in sea
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surface temperature (SST) and wind anomaly fields that precede an ENSO event (Wang et
al. 2014). Previous studies have linked the onset of ENSO events to mid-to-high latitude
atmospheric variability. Specifically, forcing from the second leading mode of atmospheric
variability over the North Pacific, the North Pacific Oscillation (NPO) [Rogers, 1981] is
thought to significantly influence the state of the tropical Pacific 12-15 months prior to the
maturation of ENSO events.

Higher latitude forcing act through certain conduits or precursor patterns that in
turn trigger ENSO. These types of precursors have an ocean temperature component either
at the surface or subsurface, tapping into the high heat capacity and slow ocean thermal
inertia that aids in predictability. In recent times, two optimal ENSO precursor patterns
have been identified in the North Pacific: (1) the analogous western North Pacific (WNP)
pattern of SSTA located in the east of Taiwan and south of Japan that forms (with opposite
signed SSTA) 1 year before a full-fledged ENSO event (Wang et al. 2012, 2013) and (2)
the Pacific Meridional Mode (PMM) over the eastern half of the North Pacific (Chang et
al. 2007; Chiang and Vimont 2004) in which the atmospheric variability during the
preceding spring influences SSTA across the equatorial Pacific and then triggers ENSO;
this is known as the Seasonal Footprinting Mechanism (Alexander et al. 2010; Anderson
2003; Vimont et al. 2001, 2003).

The WNP shares some characteristics with the PMM: both are linked to off-
equatorial SSTA and low-level wind anomalies, and both appear to be strongly related to
wintertime variability of the NPO [Wang et al. 2012]. However, in contrast to the PMM
the WNP is associated with an opposite-signed SSTA dipole located off southeastern Asia

and in the western tropical Pacific, which is accompanied by equatorial winds that may
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influence the level of oceanic Kelvin wave activity that precedes ENSO events.
Additionally, the WNP lasts longer into the year and has stronger correlations with indices
of both ENSO (Wang et al. 2012) and the NPO. The improved statistical performance of
the WNP with ENSO over the PMM has led to the supposition that the WNP may be an
improved conduit and a better predictor between mid-latitude atmospheric variability and
ENSO. However, the dynamical processes by which these precursors interact with
midlatitude atmospheric forcing and ENSO a year later are poorly understood, particularly
in the case of the WNP. Just how independent they are of each other, or a part of the same
process is also not clear.

In this study, the extent to which the WNP and PMM precursor patterns are a part
of one broad basin-wide dynamic is studied using : (1) the ocean mixed layer heat budget
equation (often called the SST heat budget) and (2) the vertical mass flux associated with
the local Pacific Walker circulation. Knowledge gained from this study will complement

our understanding of ENSO dynamics and predictability.

2. Datasets

2.1 Data Sources

The Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST) is used
to describe global SST variation patterns (Rayner et al. 2003). For analysis of ocean warm
water volume and temperature, we utilize the NCEP Global Ocean Data Assimilation
System at the resolution of 0.333° latitude x 1.0° longitude with vertical levels ranging

from 5 to 4,479 m depth (Behringer et al. 1998). Mass stream function is calculated from



83

wind variables from the National Centers for Environmental Prediction/National Center
for Atmospheric Research reanalysis dataset (NCEP-1; Kalnay et al. 1996)

To calculate the ocean mixed layer heat budget, the following variables and datasets
are used: SST from HadISST and Mixed layer depth (h,,) from Argo float profiles based
on density criterion Ap =0.03 kg (Gould et al. 2004). Others include wind stress calculated
as T = Cppgiru? with data from NCEP-1, where Cj, is the dimensionless drag coefficient
with a typical value of 0.0013, p,;, is the density of air which is equal to 1.22 kgm?, and U?

is wind speed at 10 m. Air-sea heat fluxes (Q,.¢) were calculated using NCEP-1.

2.2 Precursor Indices

The PMM is a low-frequency atmosphere-ocean coupled variability comprising of
opposite-signed meridional sea surface temperature anomalies (SSTA) gradient located in
the central-eastern North Pacific, with one sign of the anomaly maximizing in the
subtropics (10°-30°N) and the other sign located on the equator (Chiang and Vimont
2004); and is defined using a maximum covariance analysis (MCA) between SST and
surface wind anomalies. On the other hand, the WNP is an SSTA dipole in the western
North Pacific. It is also defined using MCA between low level winds and SSTA. Inter-
seasonal variations are simply identified using the de-trended boreal SSTA in the western
North Pacific (122°-132°E to 18°-28°N) centered at the upstream Kuroshio Current east
of Taiwan (Wang et al. 2012).

To describe El Nifio development, the sign of the WNP must be reversed. Prior to

all computations, we de-trend and normalize all indices and variables with their mean and
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standard deviation to remove the impact of warming, as well as multi- annual trends that

could obscure trends related to interannual variability.

3. Physical Background

3.1 Upper-Ocean Mixed Layer Heat Budget

Sea surface temperature is governed by both atmospheric and oceanic processes.
On the atmospheric side, wind speed, air temperature, cloudiness, and humidity are the
dominant factors regulating the exchange of energy at the sea surface. On the oceanic side,
heat transport by currents, vertical mixing, and boundary layer depth influence SST (Deser
et al. 2009). A heat budget analysis is therefore performed to estimate the contributions of
surface heat fluxes and oceanic processes to the SST change regarding the evolution of
ENSO precursor patterns, and variability associated with the development of ENSO.
Following Dong et al. 2007, we decompose the SST tendency equation into its various
terms, derived by integrating the heat budget over the mixed layer. It can be written as (Fig.

2):

0Tm Qnet — q(—hy) W,AT
= — Up,. VT, 2T, —
3T PaColim U VT + kVT, I

where T, (approximated with SST) is the mixed layer temperature, h,, is the mixed layer
depth, w,is the entrainment velocity, AT is the temperature difference between the mixed
layer and just below the mixed layer, k is eddy diffusivity (set to be 500 m?s~1), p, (1027
kgm™3) is the reference density of seawater, and ¢, (4000 ] kg~*'s k™) is the specific heat
of seawater at constant pressure. Here Qnet denotes the net surface heat flux, which is

positive into the ocean, and q(—h,,) is the downward radiative heat flux at the bottom of
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the mixed layer. The downward radiative heat flux at the bottom of the mixed layer
q(—h,,) is derived from the NCEP-1 solar radiation values based on an assumption of

exponential decay with depth (Paulson and Simpson1977; Qiu and Kelly 1993), written as:

_hm

Ry = o) S

q(—hp) = q(0)[Ret v1/ + (1 -R)e vz ]

where q (0) is the downward shortwave radiative flux at the sea surface; and R, y;, and y,
are constants depending on the water properties as defined by Jerlov (1968). The horizontal

velocity u,, includes both the geostrophic (uy) and Ekman (u,) components.

3.2 Mass Streamfunction

The El Nifio Southern Oscillation (ENSO) is thought to be inextricably connected
to the Pacific Walker Circulation (PWC). Conceptually, it is useful to partition the three-
dimensional tropical circulation into meridional and zonal components, namely, the Hadley
and Walker circulations. But the averaging involved in their definitions can introduce
ambiguities, which can be circumvented by first partitioning the total vertical mass flux
into components associated with overturning in the meridional and zonal directions,
respectively, called the local Hadley and local Walker circulations here. Defining the local
Hadley and local Walker circulations this way ensures the pair of two-dimensional
overturning circulations can be added to give the original three-dimensional circulation,
even when the averages are taken over limited domains (Schwendike et al. 2014).

Following Schwendike et al. 2015, a version of the streamfunction (y)vector
method, originally developed by Keyser et al. 1989 is used to decompose the tropical
atmosphere into a pair of orthogonal overturning circulations which are the local Hadley

and local Walker circulations. If averaged over a restricted latitudinal band, part of the
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meridional overturning circulation (the Hadley circulation) is aliased into the definition of
the Walker circulation. To avoid this problem, the Walker circulation is defined as the
meridional average of the local Walker circulation. This aliasing problem is potentially
important when analyzing trends in the Walker circulation as these trends may be conflated
with trends in the Hadley circulation.

Mathematically, the structure of PWC can be described by an integral of tangential
wind speed along a closed circle of the equatorial Pacific vertical sector, like the Hadley
circulation that is usually represented by the mean meridional mass streamfunction, which
is computed by the vertical integration of the zonal mean density-weighted meridional
wind from the top level downward (Ma et al. 2015). To have a direct measure of the whole
structure of PWC, namely the thermally divergent circulation in the vertical plane over the
equatorial Pacific, PWC can be defined as an equatorial Pacific zonal circulation cell
represented by the zonal mass streamfunction, written in mathematical notation as follows:

ale (P
l/)z = Up dp
0

where 1, denotes the zonal mass streamfunction, « is the radius of Earth, A is the width
of the band 5°S — 5°N along the equator in radians, g is the gravitational acceleration, up
is the divergent component of the zonal wind, and p is the pressure. The divergent
component of the zonal wind is obtained by solving the Poisson equation globally for the
potential function with divergence as the forcing term and then calculating the divergent
wind. The zonal mass flux streamfunction is computed subsequently by vertically
integrating up meridionally averaged between 5°S — 5°N, from the top of the troposphere

downwards. Thus, the calculation of 1, depends on accurate analyses of up.
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3. Results

3.1 SST Budget Decomposition

The lead-lag regression of SST and warm water volume (subsurface potential
temperature, i.e. from the surface to about 300m depth) on the December-February (DJF)
averaged WNP and PMM at different is shown in Fig. 3. In both cases, the linear regression
of SSTA depicts a gradual evolution of tropical Pacific SSTA from being negative in DJF
to positive after a year (the development of an El Nifio the following winter), which is
concomitant with the growth of the WWV. Even one year in advance of the maximum
surface warming, the precursor of El Nifio is visible in the subsurface of the Pacific in both
the WNP and PMM. The depression of the WWV, also indicative of the approximate
position of the thermocline extends slowly from the west to the east along the equator, and
when these warm subsurface temperature anomalies caused by the thermocline deepening
move eastward, they are carried by equatorial upwelling to the surface.

In comparison to the SST anomalies, the WWV appears to be the better precursor
to ENSO variability as changes in the thermocline can be detected much earlier with WWV
as shown in Fig. 3. This is consistent with studies that have shown that ocean WWYV is one
of the most robust precursors to ENSO (e.g. Hu et al. 2017). Notwithstanding, the
differences between WNP and PMM related SSTA and WWV anomalies are not easily
discernable. In an attempt to understand the extent to which the WNP and PMM are
different, we diagnose further using a decomposition of the SST budget terms.

Before examining the spatial distribution of the SST heat budget terms relative to

the two North Pacific ENSO precursors, we evaluate how well the heat balance closes on
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the scale of the entire Northern Pacific Ocean (120°E — 110°W, 0 — 45°N). Due to data
limitations, the computation is limited to 15 years, from 1995 to 2009. The domain-
averaged temperature tendency, Fig. 4, compares well with the sum of contributions from
the other terms. The temperature tendency is dominated by the seasonal cycle, mainly
controlled by the surface heat fluxes. The surface ocean is warmed during spring and
summer and cooled during fall and winter. The second largest term is the advection, which
is negative in the domain average. The entrainment term is negative, and comparable to
advection in terms of magnitude. The diffusion term is the smallest, and does not contribute
much to the mixed layer temperature T,,,. The sum of all the terms captures not only the
seasonal cycle in the temperature tendency, but also the short-term fluctuations. Since the
air-sea and advection terms contribute the most to the SST budget equation, we will focus
on those two terms going forward.

Prior research has shown that the seasonal cross-correlations of ENSO precursors
with the wintertime (December—February; DJF) Nifio-3.4 index in the following year has
peak correlations occurring at about 45 seasons (Wang et al. 2014) for the WNP and three
seasons (Chiang and Vimont 2003) for PMM (Fig. 1b). As such, for the remaining set of
analysis, we will define the WNP index in winter (i.e. DJF-WNP) and the PMM index in
spring (i.e. MAM-PMM). This will help curb any confusion of thought in the results since
we are using the optimal precursor index for each precursor mode.

Fig. 5 shows the regression of SSTA (contours) and air-sea fluxes (shading) on the
December-February (DJF) averaged WNP and PMM indices at several lead times. In the
case of the PMM, the DJF map is slightly obscured since it leads MAM. Clear differences

between the WNP and PMM ca now be seen. The initial development of positive heat
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fluxes across the equatorial Pacific starts in MAM for both the WNP and PMM. However,
there is a strong negative heat flux in the eastern equatorial pacific with the PMM, which
gradually transitions to positive in the following seasons. Until the mature ENSO phase,
the WNP generally feature a more robust air-sea flux anomalies. This explains why in the
summer and fall, an El Nino event (SST, contours) is already perceptible from the WNP
(Fig. 5). In contrast, the PMM is only able to project an EL Nino in the fall, a few months
before the mature phase of ENSO. Also, the time evolution of ocean heating as seen in Fig.
5 is similar to ocean advection (Fig. 6).

What’s more, the monthly lead-lag relationships between heat flux and advection
terms of the SST budget, and indices of the WNP and PMM (all meridionally-averaged
over 5°S - 5°N) are provided in Fig. 7. The strongest anomalies of both the equatorially-
averaged air-sea heat fluxes and advection lead the WNP precursor by about a season (Fig
7a), which is consistent with Fig 5. The PMM (Fig. 7b) associated anomalies become

evident a season later. A clearer depiction is by the difference plot in Fig. 7c.

3.2 Pacific Zonal Circulation Variability

The large amplitude of ENSO anomalies in the tropical Pacific is essentially
explained by the strong coupling between the Walker circulation, the zonal gradient of sea
surface temperature and the longitudinal tilt of the thermocline (Ballester et al. 2017). In
line with this, Fig. 8 shows the regional Walker circulation defined by averaging zonal
mass streamfunction over the latitudinal band of 5°S - 5°N. Here, zonal mass streamfunction
is regressed on the DJF and MAM indices of the WNP and PMM respectively. The thick

green bars in Fig. 8 outline the equator-wide domain of the Pacific Walker circulation
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(PWC). In general, two distinct cells comprise the regional Pacific Walker circulation
throughout the year: one in the equatorial Western Pacific Ocean and the other in the
Eastern Pacific, characterized by ascent over the Maritime Continent and western Pacific
Ocean and descent in the eastern Pacific during La Nina. The reverse would be true for El
Nino conditions. The PWC cell is much more pronounced in the WNP (Fig. 8a) related
anomalies than that of the PMM (Fig. 8a) at every lead time, suggesting a stronger
association between the WNP and PWC. It appears the WNP dynamical association with
the ocean and atmospheric dynamics of ENSO, especially during the early stages of

development is stronger than the PMM.

4. Summary and Discussion

The mechanisms of two North Pacific ENSO precursor patterns, as well as their
differences are studied using terms of the SST heat budget and analysis of the Pacific
Walker Circulation from zonal mass stream function. It is found that equatorial heat flux
anomalies associated with the WNP start developing in the spring before an ENSO event
and lead SST by about a season. This is not surprising since it takes time for ocean
subsurface processes to reflect the initial atmospheric heating, which later become evident
at the surface as positive SSTA. In the case of the PMM, heat fluxes are not readily visible
until the fall. Analysis of the advection term of the SST heat budget leads to a similar
conclusion.

During ENSO development, positive air-sea heat fluxes and air-sea coupling
feedback play a crucial role. Energy absorbed by the ocean leads to changes in the

subsurface heat content. In the western and equatorial Pacific, these changes are known to
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enhance oceanic Kelvin wave initiation and propagation which eventually triggers the
Bjerknes feedback (Wang et al. 2012, Hu et al. 2017). Ocean advection processes play an
important role during the Bjerknes feedback and an El Nifio development, driving the
initial subsurface warming in the western equatorial Pacific, amplified by the ocean-
atmosphere coupling to the east (i.e. central Pacific) through the equatorial undercurrent.

These results explain why the WNP has peak correlation with ENSO a season ahead
of the PMM and why at longer lead times, the WNP appears to be a better predictor than
the PMM. Recall that peak correlations of DJF-averaged WNP (PMM) with ENSO is
maximum at about 4-5 seasons (2-3 seasons) in advance (Fig. 1b). We also find that the
PWC cell, which is inherently part of ENSO dynamics and variability is much more
pronounced in WNP related anomalies than that of the PMM at every lead time. It must be
noted that several studies have shown huge disparities in different reanalysis datasets for
SST budget equation terms, particularly the heat fluxes terms (Thumm et al. 2015, Dong
et al. 2007). Therefore, care should be taken in interpreting these results.

A possible midlatitude forcing that can link strong air-sea fluxes to the WNP, and
the WNP to the PWC is the East Asia Winter Monsoon (EAWM). During the earliest stages
of ENSO development (DJFy.1), the EAWM features a predominant low-level
northeasterly wind blowing from East Asia to the low latitudes in the western Pacific
Ocean. This can cause deep convection over the Maritime Continent, reinforcing the
convection center of the Pacific Walker circulation due to the intrusion of cold air carried
from land into the tropics. The cold air advection is enhanced in the WNP region leading
to the development of an SST dipole (i.e. the WNP DJF precursor pattern), whereupon

wind vectors are directed from the cold WNP region to the warm tropical region. The
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persistent westerlies could trigger equatorial Kelvin waves, pushing the tropical convection
center and the WWYV eastward, eventually leading to an El Nino. Future studies will focus
on testing the proposed mechanism and ascertain the degree to which the EAWM

modulates the ENSO-related atmospheric forcing along the equatorial Pacific Ocean.
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Figure 5-1 a Domains of common ENSO precursors outlined for the Indian Ocean mode
(IndO), the Western North Pacific mode (WNP; sign reversed), the Pacific Meridional Mode
(PMM) and the Nifio-3.4 region. The dark strip that runs across these three domains indicate
the section from which the longitude-time evolution in Figure 4 was constructed. b Cross-
correlations of the DJF Nifio-3.4 index with the 3-month mean IndO (blue), WNP (purple;

sign reversed), and PMM (red) over the preceding 2 years. Shaded area indicates the 99 %
confidence interval (Wang et al. 2014).
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Figure 5-3 a. Regression map between the December-February (DJF) averaged WNP index,
and SSTA (contours, °C) and potential temperature anomaly in the upper 300 m of the ocean
(shading) at several lead times (MAM, JJA, SON and DJF+1). b. Same as (a) but for the
PMM. The ocean potential temperature was averaged meridionally across 5°S-5°N from
1981-2015.
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Figure 5-5 a. Regression map between the December-February (DJF) averaged WNP index,
and SSTA (contours, °C) and air-sea fluxes (shading,10%°Cs™!) at several lead times (MAM,
JJA, SON and DJF+1). b. Same as (a) but for the PMM, with its MAM index used in the
regression instead of the DJF as used in the case of WNP.
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Figure 5-7 Lead/lag regression between ENSO precursor indices (WNP and PMM) and a.
Air Sea Fluxes (10°°Cs™) and b. Advection (10°°Cs™!) meridionally averaged across 5°S-
5°N. The lagged correlations include all months and years from 1951-2015.
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Figure 5-8 Regression map between the December-February (DJF) averaged WNP index
and zonal mass streamfunction (Pacific Walker Circulation, kgm2s!) at several lead times
from 1951-2015. b. Same as (a) but for the PMM, with its MAM index used in the regression
instead of the DJF as used in the case of WNP. The zonal mass streamfunction was averaged
meridionally across 5°S-5°N.
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CHAPTER 6

CONCLUSIONS

This work was conducted under the broad research theme of climate variability,
predictability and change with an emphasis on extreme climate detection, attribution and
prediction. Three interrelated, yet regionally unique climate phenomena were investigated
to characterize changes in the variability of climate that lead to extremes, augmented by
the development of tools to supplement the prediction of climate extremes. At the core of
this dissertation is the need to improve weather and climate predictions, particularly for
extremes, on time-scales ranging from short forecast lead-times to subseasonal-seasonal
climate predictions and beyond.

In Chapter 2 the relationship between increasing greenhouse gas (GHG) emissions
and particulate matter (PM) concentration in basin terrain, specifically the IndoGangetic
Plains (IGP) was investigated. It was determined that GHG’s as a singular factor can lead
to a consequent increase in PM concentration (i.e. pollution) even when emissions remain
constant — this was hitherto unknown. Moreover, a positive feedback exits whereupon
aerosol themselves can induce stabilization in the atmosphere and lead to the accumulation
of PM. The knowledge gained from this study can inform scholarly, policy, and public
debates on emissions from fossil fuel and biomass burning, especially in basin terrain like
the IGP.

The next two Chapters evaluated two extreme phenomena at either side of the water
cycle, i.e. droughts and floods. The 2014/15 snowpack drought in Washington state and its
climate forcing was evaluated in Chapter 3. This drought resulted from exceedingly high

temperatures in the state of Washington notwithstanding normal precipitation. It was found
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that the 2014/15 snowpack drought in Washington state was largely driven by natural
climate variability in the form of the North Pacific Index (NPI) with a modulation from the
North Pacific Oscillation. Specifically, a unique cyclical relationship between temperature
and precipitation (both variables averaged along the Washington Cascades) was discovered
that is apparently driven by the low frequency variability of the NPI. This three way
correspondence between temperature, precipitation and the NPI can be utilized as a
supplementary tool for projecting future snowpack droughts and underscores the role
naturally driven climate variability can play in forcing severe droughts, especially in a
warming world.

On the other end of the spectrum, we conducted research to identify the climate
drivers of the late December 2015 flooding in Missouri, discussed in Chapter 4. Results
show the severity of the rainfall that resulted in the flooding was caused by an interference
between two dominant modes of climate variability, namely the Madden Julian Oscillation
(MJO) and the El Nifio Southern Oscillation (ENSO). This interaction resulted in a
relatively weak atmospheric signature of the El Nifio. As a result, the MJO signal
dominated the atmospheric circulation anomalies associated with the flooding. The
Climate Forecast System version 2 was then tested for performance in reproducing the
observed relationship. It was found that when it comes to the MJO, skillful subseasonal
predictions with lead times exceeding two weeks are rarely achievable. Next, the influence
of anthropogenic climate change on the relationship between ENSO and precipitation
across several central US states was also investigated using 17 Coupled Model
Intercomparison Project Phase 5 models. A regime change in ENSO-related precipitation

anomalies appears to have occurred after 1970, suggesting a likely effect of anthropogenic
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warming on the December 2015 extreme precipitation event.

In Chapter 5, we analyzed important mechanisms that govern the evolution of two
primary North Pacific ENSO precursor patterns and their relationship using terms of the
SST heat budget and analysis of zonal mass stream function associated with the Pacific
Walker Circulation. It was found that equatorial heat flux anomalies associated with the
WNP start developing in the spring before an ENSO event and lead SST by about a season.
In the case of the PMM, heat fluxes were not readily visible until the fall. Analysis of the
advection term of the SST heat budget led to a similar conclusion. The results explain why
the WNP has peak correlation with ENSO a season ahead of the PMM and why at longer

lead times, the WNP appears to be a better predictor than the PMM.
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CHAPTER 7

FUTURE STUDIES

Long-Lead ENSO Predictions

Wang et al. 2015 argued that the NPO is intrinsically connected to another profound
feature associated with ENSO development — the seasonally phase-locked propagation of
wind and SSTA signals, which allows tracking of the progression of an ENSO event two
years in advance. The phase-locked propagating signal first appears in the eastern Indian
Ocean in the middle of the year before an El Nifio and then moves eastward, reaching the
western Pacific during the beginning of the El Nifio year and then amplifying in the central
equatorial Pacific (Gutzler and Harrison 1987); similar but opposite-signed propagating
signals also appear during La Nifia.

Such propagation may signal a connection between the northern/tropical Indian
Ocean (IndO) mode, the WNP and The PMM as is illustrated by their seasonal cross-
correlations with the wintertime (December—February; DJF) Nifo-3.4 index in the
following year (Chapter 5, Figure 1b): Peak correlations between IndO and ENSO occur
at six seasons prior to a mature ENSO, four to five seasons in WNP and three seasons in
PMM. The entire propagation is manifested as a narrow, southwest-northeast oriented
SSTA band across the subtropical North Pacific, and its journey takes about 2-3 years
(Wang et al. 2015).

Results from Chapter 5 appear consistent with these findings. The fact that air-sea
fluxes lead SSTA anomalies for about two seasons in the WNP and the WNP leads the

PMM for another seasons seems consistent with the peak correlations shown in Figure 1b.
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Future studies will extend the analysis in Chapter 5 to include the northern/tropical Indian
Ocean (IndO), and try to answer the following question: to what extent is an IndO, WNP,
and PMM part of a broader system that impacts the tropics and ENSO development, and
how is this possible pathway intrinsically linked to extratropical climate forcing like the

NPO.
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