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Global climate models (GCMs) are a vital tool for ensuring the prosperity

and security of modern society. They allow scientists to understand complex inter-

actions between the air, ocean, and land, and are used by policymakers to project

future changes in climate on regional and global scales.

The previous generation of GCMs, represented by CMIP3 models, are

shown to be deficient in their representation of precipitation over the western

United States, a region that depends critically on wintertime orographically en-

hanced precipitation for drinking water. In addition, aerosol-cloud interactions

were prescribed in CMIP3 models, which decreased the value of their represen-

xviii



tation of global aerosol, cloud, and precipitation features. This has potentially

large impacts on global radiation budgets, since aerosol-cloud interactions affect

the spatial extent and magnitude of clouds and precipitation.

The newest suite of GCMs, the Coupled Model Intercomparison Project

Phase 5 (CMIP5) models, includes state-of-the-art parameterizations of small-

scale features such as aerosols, clouds, and precipitation, and is widely used by

the scientific community to learn more about the climate system. The Community

Earth System Model (CESM), in conjunction with observations, provides several

simulations to investigate the role of aerosols, clouds, and precipitation in the

climate system and how they interact with larger modes of climate variability.

We show that CESM produces a realistic spatial distribution of precipita-

tion extremes over the western U.S., and that teleconnected signals of ENSO and

the Pacific Decadal Oscillation to large-scale circulation patterns and precipitation

over the western U.S. are improved when compared to CCSM3. We also discover

a new semi-direct effect between dust and stratocumulus clouds over the subtrop-

ical North Atlantic, whereby boundary layer inversion strength increases during

the most dusty summers due to shortwave absorption of dust above the planetary

boundary layer. We find that ENSO exerts a control on North African dust trans-

port during the summer, and CESM suggests that there is strong multi-decadal

variability in the strength of the ENSO-dust relationship. Finally, we compare in-

teractive and prescribed aerosol CESM simulations to demonstrate the importance

of dust in increasing tropical Atlantic SST variability, and expose deficiencies in

CESM’s simulation of the Atlantic Meridional Mode.
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Chapter 1

Introduction

1.1 Evolution of Global Climate Models

Numerical computer models have been used since the mid-20th century as

a tool for understanding and predicting the general circulation of both the atmo-

sphere and the ocean (Hartmann, 1994). The development of computer models

was an extension of experimental fluid mechanics during the 19th century, when

scientists constructed actual physical models to further their understanding of the

Earth’s dynamical behavior. Meteorologists, in particular, viewed computer mod-

els as a means by which future states of the atmosphere could be rapidly predicted

to produce reliable weather forecasts (Weart, 2008). The models enabled these

predictions by solving a set of primitive, time-dependent dynamical equations of

fluid motion.

Since their initial utilization to make weather forecasts, numerical models

have evolved in concert with increased computational capacity to include more

complex Earth system processes, such that a larger array of questions about the

current and future state of the general circulation of the atmosphere can be ad-

dressed. It is in this way that weather models, used for short-term prediction of

synoptic meteorological phenomena, were extended to climate models, used for

long-term prediction of atmospheric and oceanic variables across the entire globe

(Hartmann, 1994).

In the past, Global Climate Models (GCMs) have been used to study

1
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coupled-ocean atmosphere phenomena such as the El Nino-Southern Oscillation

(ENSO), the Pacific Decadal Oscillation (PDO), and hurricanes (Deser et al., 2012,

2006; Pierce et al., 2000; Emanuel et al., 2010). GCMs have also been employed

for both observational validation and future prediction of midlatitude storms and

precipitation characteristics (Dai, 2006; Ulbrich et al., 2008).

The most recent suite of GCMs comprises the Coupled Model Intercompar-

ison Project Phase 5 (CMIP5), a set of experiments aimed at model validation,

characterization of climate predictability, and assessment of model dynamics. One

widely used CMIP5 model is the National Center for Atmospheric Research Com-

munity Earth System Model (NCAR CESM), which will be used throughout this

dissertation. CESM is a fully-coupled climate model consisting of five individ-

ual, fully-prognostic component models which simultaneously simulate the Earth’s

atmosphere, ocean, land, land-ice, and sea-ice environments (Gent et al., 2011).

The atmospheric component of the model solves the horizontal momentum, verti-

cal momentum (hydrostatic), thermodynamic energy, mass continuity, and water

vapor mass continuity equations across the entire globe on a finite volume grid.

Similarly, the oceanic component of the model solves the global horizontal mo-

mentum, vertical momentum (hydrostatic), mass continuity, tracer transport and

state equations on either a tripole or displaced pole grid.

CESM and other CMIP5 GCMs are valuable sources of information for the

climate science community because they allow us to make specific quantitative

assertions about past, present, and future climates on Earth. These assertions

further the current state of knowledge within the scientific community, and have

the potential to spawn changes in regional and global economics and domestic and

international policy. All of these factors provide ample motivation to assess climate

models both in comparison to one another and at a deeper level individually.

1.2 Aerosols in the Climate System

Much like oceanography and meteorology, the field of aerosol science is

relatively young. One of the first clues to the scientific community that aerosols
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could have a major impact on climate came from volcanoes. Scientists in the

1950’s noted that volcanic activity and Northern Hemispheric temperature were

anti-correlated during both that decade and the previous century, which prompted

investigation into the effect of natural aerosols in the climate system on surface

temperature (Mitchell Jr, 1971). Contemporaneously, scientists were beginning

to understand the role of hygroscopic cloud condensation nuclei (CCN) in cloud

formation, and began studying (and at times advocating for) artificial alteration of

regional climate through anthropogenic cloud seeding (Houghton, 1968). Smog and

haze particulates over polluted areas (e.g. Burbank, CA) also attracted attention

from atmospheric chemists and physicists (Haagen-Smit, 1952). In the 1960’s, the

effects of dust and wildfire emissions on local meteorology were increasingly studied

(Bryson and Baerreis, 1967). British meteorologist Hubert Lamb went so far as

to coin the metric ”Dust Veil Index” to represent anti-correlation between dust

concentration and surface temperature (Weart, 2008).

For much of the 1970’s, debate over the sign of the net radiative forcing

of aerosols was rampant, and many aerosol studies focused on the ”direct effect”

of aerosols on the climate: cooling by scattering of solar radiation or heating

by absorption of solar radiation. However, in 1974, the first theory for aerosol

”indirect” radiative effects was formalized. Based on observations from Australia,

Sean Twomey proposed that higher aerosol concentrations would lead to higher

concentrations of CCNs, which would increase cloud droplet number concentration

and thus cloud albedo and have a net negative radiative effect on climate (Twomey,

1974). This was later dubbed the ”Twomey Effect” or ”first indirect effect”. The

”second indirect effect” was formalized by Bruce Albrecht in 1989. Using a one-

dimensional model calculation, the ”Albrecht Effect” states that an increase in

CCNs (from sea salt over the ocean, for example) would cause a decrease in cloud

droplet size. This would, in turn, cause a reduction in drizzle production and thus

an increase in fractional cloudiness over time. The Albrecht Effect is sometimes

called the ”cloud lifetime effect” for this reason. Both the first and second indirect

effects highlighted the potential for aerosols to affect clouds, and thus radiation,

in the climate system.
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There were several interesting characteristics of this developmental period

of aerosol science: a) the tendency to focus on anthropogenic aerosols and pollution

(after the initial focus on volcanoes) and b) the frequent implementation of simple

numerical models to try to understand a limited observational database.

1.3 Aerosols in GCMs

These aforementioned models turned more complex over the 1990’s and

2000’s with the advent of increased computational power and increased spatiotem-

poral observations of many climate variables. Over the last 15 years in particular,

scientists have strived to represent aerosols realistically in fully coupled global cli-

mate models. An early example of the importance of representing aerosols in global

climate models came in Mitchell et al. (1995), who showed that including sulfate

aerosols in a global climate model significantly improved model agreement with

observational temperature over the late 20th century. However, early attempts at

incorporating aerosols into fully coupled global climate models sometimes relied

on trial-and-error adjustment of surface albedo, a parameter already contained in

GCMs, in each grid cell to approximately account for the existence of aerosols (Boer

et al., 2000). The situation improved in the early 2000’s, when three-dimensional

aerosol distributions were calculated in separate chemical transport models and

then added as input to GCMs, mainly with the intent of quantifying the direct

effect of aerosols (Meehl et al., 2003; Collins et al., 2006).

Figure 1.1 (modified from Ghan and Schwartz (2007)) summarizes differ-

ences in treatment of aerosol size distribution and aerosol emissions from fourth

generation climate models (those included in the IPCC AR4 report) to some of

the fifth generation climate models (those included in the IPCC AR5 report).

One important improvement in representation of aerosol properties in the

latest class of GCMs is the representation of aerosol size distribution as variable

(modal) rather than prescribed. In addition, emissions of aerosols were prescribed

from climatology in IPCC AR4 models, but now interact with modeled meteorology

in several IPCC AR5 models. For example, dust emissions, which will be a major
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Figure 1.1: Treatment of aerosol size distribution and aerosol emissions in IPCC
AR4 (fourth generation) and several IPCC AR5 (fifth generation) climate models,
including CESM (modified from Ghan and Schwartz (2007)).

focus of this dissertation, are now dependent on local wind speed/direction and

soil moisture. As noted by Ghan and Schwartz (2007), continued improvements in

GCM aerosol representation rely heavily on advancement of observational studies

of aerosols in both laboratory and field settings.

The work in this dissertation makes use of these recent advances in global

modeling of aerosol-climate interactions and other related atmospheric processes

such as precipitation and clouds in order to: a) evaluate models using available

observations and b) use models in the absence of spatiotemporally dense observa-

tions to further our understanding of relevant physical processes. In Chapter 2,

we evaluate the representation of extreme precipitation statistics over the west-

ern U.S. and associated teleconnections to Pacific modes of climate in the NCAR

Community Earth System Model (CESM). The results from this study highlight

the improved representation of global teleconnections in CESM, which serves as

motivation for studying the interaction of North African dust variability with Pa-

cific modes of climate in Chapter 4. In Chapter 3, we evaluate the representa-

tion of mineral dust properties and spatial distribution in CESM, and identify a

new dust indirect effect linking increased dust concentration over the subtropical

North Atlantic with stronger lower tropospheric inversion strength in boreal sum-

mer, which promotes the formation of stratocumulus clouds. This is an important

finding given the large uncertainty in the sign of the radiative forcing of stratocu-

mulus clouds in future projections of climate (Bony and Dufresne, 2005; Qu et al.,

2014). In Chapter 4, we show that there is substantial interannual and decadal
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variability of the strength of the relationship between ENSO and North African

dust transport in a 150-year CESM simulation. This low frequency fluctuation

is associated with distinct out-of-phase changes in atmospheric circulation in the

North Atlantic, with a spatial pattern distinctly reminiscent of the North Atlantic

Oscillation. This finding is important because observations of atmospheric dust

are limited to roughly 30 years over the tropical Atlantic and North African re-

gions and therefore may not be extensive enough to fully characterize variability

of the signal. In Chapter 5, we compare spatiotemporal variability of tropical At-

lantic sea surface temperature anomalies in two 150-year CESM simulations: one

with fully interactive aerosols, and one with a prescribed seasonal cycle of aerosol

concentration, which eliminates interannual variability of aerosols. The differences

between the two simulations demonstrate the importance of mineral dust in in-

creasing month-to-month variability of tropical Atlantic SSTs. We also show that

CESM is deficient in simulating the Atlantic Meridional Mode, which is an im-

portant mode of coupled ocean-atmosphere interannual variability in the tropical

Atlantic.



Chapter 2

Western U.S. Extreme

Precipitation Events and Their

Relation to ENSO and PDO in

CCSM4

Water resources and management over the Western U.S. are heavily im-

pacted by both local climate variability and the teleconnected responses of pre-

cipitation to the El Nino Southern Oscillation (ENSO) and Pacific Decadal Oscil-

lation (PDO). In this work, regional precipitation patterns over the western U.S.

and linkages to ENSO and PDO are analyzed using output from a CCSM4 pre-

industrial control run and observations, with emphasis on extreme precipitation

events. CCSM4 produces realistic zonal gradients in precipitation intensity and

duration over the western U.S., with higher values on the windward side of the

Cascade and Sierra Mountains and lower values on the leeward. Compared to

its predecessor CCSM3, CCSM4 shows an improved teleconnected signal of both

ENSO and the PDO to large scale circulation patterns over the Pacific/North

America region and also to the spatial pattern and other aspects of western U.S.

precipitation. The so-called ”drizzle” problem persists in CCSM4 but is signifi-

cantly improved compared to CCSM3. In particular, it is found that CCSM4 has

7
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substantially less precipitation duration bias than is present in CCSM3. Both the

overall and extreme intensity of wintertime precipitation over the western U.S.

show statistically significant linkages with ENSO and PDO in CCSM4. This anal-

ysis provides a basis for future studies using GHG-forced CCSM4 runs.

2.1 Overview

Water resources have extensive influence on government policy, quality of

life, and regional economics. This is particularly true over the western U.S., which

harbors a rapidly growing population, very active climate variability and complex

topography that affects regional climate including the spatial and temporal struc-

ture of precipitation. The generally arid southwestern U.S., which is the fastest

growing region of the United States, is one area where effective water management

is of paramount importance (e.g. Parker (2010)). The Pacific Northwest lies in

the influence of interannual and interdecadal climate variation (Hamlet and Letten-

maier, 1999). In addition, flooding has major impacts in the region, and is an im-

portant player in regional economic policy, particularly in California (Pierce, 2012).

For example, in 2010, the Federal Emergency Management Agency forced home-

owners in Los Angeles, Orange, Ventura, Riverside, and San Bernardino counties

to buy flood insurance because of their proximity to flood-prone rivers and creeks

(Saillant, 2010).

Synoptic weather patterns over the western U.S. are known to be influenced

by the El Nino-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation

(PDO). The teleconnected signal of ENSO in climatic variables across the globe

has been an important topic of research for many decades (e.g. Bjerknes (1969);

Trenberth (1976); Ropelewski and Halpert (1986); Rasmusson and Wallace (1983);

Bradley et al. (1987); McCabe and Dettinger (1999); Meehl et al. (2007)). Many

coupled GCMs have exhibited unrealistic teleconnections between ENSO fluctua-

tions and extratropical circulation patterns, driven in part from having poorly rep-

resented physical processes in the core ENSO region (Solomon, 2007; AchutaRao

and Sperber, 2006; Zhu et al., 2004). The warm and cool phases of the PDO are
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also associated with distinctly different western U.S. weather patterns (Hidalgo

and Dracup, 2003), despite the lack of robust evidence for physical causality of

decadal North Pacific SST variability (Pierce, 2002).

The present climatological study investigates the NCAR Community Cli-

mate System Model, version 4 (henceforth CCSM4) skill in simulating several tele-

connected signals of ENSO and the PDO over the North Pacific, extreme regional

precipitation over the western U.S. and North Pacific, and the relationship of the

phase of both ENSO and the PDO to western U.S. extreme precipitation. We also

compare CCSM4 to results from CCSM3 (the previous version of the model) and

observations.

Extending prior work evaluating GCM simulations of ENSO and PDO tele-

connections and regional precipitation events to CCSM4 is timely, since the model

was released recently and will be used in the upcoming fifth IPCC assessment, and

is important to the applications noted above. The model’s simulation of interan-

nual climatic variability, as captured in the frequency of ENSO events, is more

realistic than that of its predecessor, CCSM3; however, the magnitude of these

events is too large compared to observations (Gent et al., 2011; Deser et al., 2012).

The improvement in the frequency of ENSO events is primarily due to improve-

ments in the atmospheric convection parameterization scheme (Gent et al., 2011;

Neale et al., 2008). Better parameterizations of cloud physics and atmospheric

radiation have also improved simulations of precipitation type and amount (Neale

et al., 2013). Given these improvements in simulation of large-scale decadal cou-

pled ocean/atmospheric processes, which have significant impacts on the strength,

frequency, and location of midlatitude synoptic storms, and in small-scale moisture

microphysics, it is reasonable to consider the model as a viable candidate for re-

alistically simulating global ENSO and PDO teleconnection patterns and extreme

regional precipitation events.

Previous work has addressed GCM simulations of Pacific variability and

mean and extreme precipitation characteristics in various ways. Dai (2006) used

monthly and 3-hourly data from 18 coupled GCMs (of which CCSM3 was one) to

examine patterns of global precipitation intensity and frequency, with particular
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emphasis on tropical Pacific variability and the simulated partitioning of precip-

itation between large-scale and convective processes. Notably, they found that

most models underestimate the contribution to total precipitation and frequency

for heavy precipitation and overestimate them for light precipitation. This is of-

ten referred to as the ”drizzle problem” of GCMs (Dai, 2006; Lee et al., 2009).

Wehner et al. (2010) examined the effect of varying horizontal resolution on the

ability of CAM3 (the atmospheric component of CCSM3) to simulate annual pre-

cipitation maxima over the continental U.S. They found that model fidelity was a

strong function of horizontal resolution; specifically, a resolution of 0.5◦ x 0.625◦

allowed for adequate simulation of extreme precipitation events. However, such a

resolution is computationally expensive for long climate simulations, especially on

a global scale.

This study aims to build on these prior works by investigating CCSM4’s

representation of mean and extreme precipitation events and ENSO and PDO

teleconnections, with a focus on the western U.S. and North Pacific. Besides com-

paring to observations, many of the CCSM4 results are compared to simulations

by its predecessor CCSM3. Several concluding analyses specifically compare var-

ious measures of or relating to precipitation in CCSM4 with observations, since

CCSM4 proves to be superior in many ways to CCSM3 in comparison to observa-

tions. Particular emphasis will be placed on precipitation duration and intensity

over the western United States.

2.2 Models and Data

Below, we describe the models and data used in our study. A summary of

all models and data is included in Figure 2.1.

2.2.1 CCSM4 Model Runs

We use a 1300 year pre-industrial control CCSM4 simulation with monthly

data and a horizontal resolution of 1.25◦ (lon) x 0.9◦ (lat). This run is used

to examine ENSO/PDO teleconnection patterns over the western U.S and North
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Pacific. We also use a 150 year subset of this run with daily data to examine mean

and extreme precipitation statistics and their relationship to ENSO and the PDO.

Data were obtained from the Earth System Grid website (earthsystemgrid.org).

2.2.2 CCSM3 Model Runs

In order to evaluate improvements in CCSM4’s simulation of ENSO/PDO

teleconnection patterns and extreme precipitation events, we also use 500 years

of monthly data and 50 years of daily data from a pre-industrial control CCSM3

simulation at T85 resolution (1.4◦ (lon) x 1.4◦ (lat)). This run is similarly used

to examine ENSO/PDO teleconnection patterns over the western U.S. and North

Pacific and western U.S. precipitation.

2.2.3 Observational data

When comparing model precipitation fields to observations, one must dis-

tinguish between results obtained at a point (station data) and results averaged

over an area. The distinction arises because model grid cells, even at T85 reso-

lution, are considerably larger than the length scales associated with patches of

heavy precipitation. The most appropriate way to think about model precipitation

may be to view it as an area-averaged quantity, rather than as a model represen-

tation of precipitation at a point (Chen and Knutson, 2008). This suggests that

observed gridded precipitation fields, not station data, are preferable for validating

model results. We compare the model results to the gridded observed precipitation

data set of Hamlet and Lettenmaier (2005). This is a daily gridded data set based

on National Weather Service co-operative stations, augmented by higher quality

Global Historical Climatology Network and other stations. Techniques from the

Parameter-elevation Regressions on Independent Slopes Model (PRISM) project

are used to interpolate the observations over the entire domain while accounting

for elevation and slope aspect effects (Daly et al., 1994, 2002). This data set is

produced on a 1/8◦ x 1/8◦ grid and spans the period 1915-2002. However, since

meteorological station coverage increased substantially after WWII, the period an-
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alyzed here in 1950-2002. Cayan et al. (2010) found that when the Hamlet and

Lettenmaier data set is used to drive the Variable Infiltration Capacity (VIC) hy-

drological model, the simulated streamflows are realistic when compared to the

available observations, which suggests that the data are capturing the features of

observed precipitation relevant to hydrology.

For observations of sea surface temperature (SST), a combined data set is

used: the da Silva data over the period 1948-1982 (Da Silva et al., 1994), and the

National Meteorological Center data from 1983 through the end of 2009 (Reynolds

et al., 2002). We choose to analyze only post-World War II SST data because

the density of available observations over the North Pacific is much higher during

this time period. In addition, it is desirable to have precipitation and sea surface

temperature data sets that are of comparable length.

!

Figure 2.1: List of modeled and observational datasets, and associated charac-
teristics, used in this study

2.2.4 Regridding

To compare with the GCM output, the observational data were regridded

to match the grid of the GCM (Chen and Knutson, 2008). Aggregating the finer

observed data (i.e. regridding from high resolution to low resolution) smooths the

high density observed data over the region of interest, but is necessary for the

matching the coarser topography representation in the GCM. The finer observed

data sets are regridded to match the coarser CCSM4 daily model data grid, using

a bilinear interpolation scheme. Equating the grid sizes of the modeled and ob-
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served data sets enables easier comparison of differences in modeled and observed

precipitation.

2.2.5 Precipitation terminology

We define several terms related to mean and extreme precipitation statistics

that will be used throughout the rest of this study: a precipitating day, precipi-

tation intensity, and precipitation duration. Given the model issues with drizzle

noted previously, we define a ”precipitating day” as a day on which precipitation

totaling >0.1 mm/day falls. ”Precipitation intensity” is defined as the daily value

of precipitation rate (mm/day) over a grid cell on a precipitating day. ”Precipita-

tion duration” is defined as the number of consecutive precipitating days.

2.3 Western U.S. Precipitation Climatology

2.3.1 Base seasonal climatology

Figure 2.2 shows the seasonal climatology of mean precipitation for the

Hamlet and Lettenmaier data set compared to both CCSM3 monthly data at T85

(1.4◦) resolution and CCSM4 daily data at 1.25◦ lat x 0.9◦ lon resolution. It is clear

that climatological precipitation is more realistic in CCSM4, both in spatial struc-

ture and seasonal agreement with observations. Some of this improvement may be

due to the slightly finer grid used by CCSM4 compared to CCSM3. In particular,

CCSM4 does a better job simulating the magnitude and spatial structure of several

important features during the wet (September thru February) season, including the

large Pacific Northwest/northern California zonal gradient in precipitation and the

circular ”bullseye” pattern of enhanced precipitation over north-central Idaho. The

former feature can be attributed to the presence of the Cascade Mountains and

northern Sierra Nevada; the latter feature is likely due to large height gradients

caused by the meeting of the Snake River Plain and the Salmon River Moun-

tains. Thus, CCSM4 demonstrates regional dexterity in simulating orographically

enhanced precipitation across the domain. In comparison, CCSM4’s predecessor,
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CCSM3, smeared the Pacific Northwest precipitation gradient over a wide region

and was unable to capture the complex precipitation response over central Idaho.

One deficiency in CCSM4’s simulation is that it is drier than observations over the

Pacific Northwest by several mm/day during the winter.

!

Figure 2.2: Seasonal climatology of precipitation (mm/day) for CCSM3, CCSM4,
and observations; contour intervals are every 1 mm/day. CCSM4 shows improve-
ment in capturing the strong observed zonal gradient in precipitation over the
western U.S.

2.3.2 Fraction of precipitating days

As mentioned earlier, the ”drizzle problem” of GCMs is a major barrier

to realistic simulations of regional precipitation patterns. This problem manifests

itself in the consistent over-prediction of the number of light precipitation days in

GCM simulations (Dai, 2006). Here, we test for precipitation biases in CCSM4.

Figure 2.3 shows the fraction of precipitating days by season in CCSM3,

CCSM4, and observations; again, a ”precipitating day” is defined as a day on
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which <0.1mm precipitation falls. Overall, the spatial distribution of precipitating

day fraction in CCSM3 and CCSM4 is similar; both models have more frequent

precipitation than is seen in observations. The discrepancy between the models

and the observations is particularly large during the winter and spring, when the

models have 20-30% more precipitating days than in observations over the majority

of the domain. Notably, the sense of the model error is to over-predict precipitating

days over both climatologically dry (southwest U.S.) and wet (Pacific northwest)

regions. Figure 2.3 shows that precipitation biases, as determined from fraction of

precipitating days, are similar in CCSM4 and CCSM3.

!
Figure 2.3: Fraction of precipitating days (>0.1 mm/day) for CCSM3, CCSM4,
and observations. Both CCSM3 and CCSM4 exhibit wet biases across much of the
domain during all seasons.

2.3.3 Precipitation intensity at the 90th percentile

Figure 2.4 shows the 90th percentile value of precipitation intensity in

mm/day, by season, for CCSM3, CCSM4, and observations. The calculation is



16

made by averaging 90th percentile values for individual seasons, rather than choos-

ing the 90th percentile value of the entire precipitation distribution. Choosing the

former result is more robust, as the latter result could be skewed by a few extreme

outlying years.

CCSM4 adeptly simulates the wet tail (i.e. 90th percentile) of the precip-

itation distribution across the entire domain, except in summer. Notably, during

wet seasons, precipitation is most intense in north-central California, but has the

greatest accumulation in the Pacific Northwest. The spatial displacement between

precipitation intensity and accumulation manifests itself in the observations, and

CCSM4 captures this feature quite well.

!
Figure 2.4: 90th percentile plot of precipitation intensity (mm/day) for CCSM3,
CCSM4, and observations; contour labels are every 4 mm/day. CCSM4 captures
observed extreme intensity events over the Sierra Nevadas, western Idaho, and
central Arizona which were less resolved in CCSM3.
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2.3.4 Precipitation duration at the 90th percentile

Figure 2.5 shows the 90th percentile value of precipitation duration in days,

by season, for CCSM3, CCSM4, and observations. Again, precipitation duration is

defined as consecutive strings of precipitating days. The 90th percentile calculation

is made as in section 2.3.3, except that the 90th percentile value of interest is in

units of ”days” rather than ”mm/day”.

CCSM4’s representation of extreme precipitation duration is markedly im-

proved from that of CCSM3. Precipitation in CCSM3 persisted for several weeks

too long during fall and winter, while precipitation duration in CCSM4 is consistent

with observations to within several days during those times. When the ”precipi-

tating day” threshold is increased from 0.1 mm/day to 1 mm/day, 90th percentile

precipitation duration values in CCSM3 decrease by about a week, suggesting that

much of the persistence bias is occurring on low accumulation precipitation days

(not shown). This is an apparent manifestation of the GCM drizzle problem.

Though CCSM4 shows an improved simulation of 90th percentile precipitation

duration, one notable error is that precipitation persists for too long in regions

east of the Cascade Mountains, particularly during the summer and fall. In ad-

dition, CCSM4 does not reproduce the observed persistency in precipitation over

the Pacific Northwest during winter, underestimating the duration of precipitation

by several days.

2.4 El Nino Southern Oscillation (ENSO) and

Pacific Decadal Oscillation (PDO)

Aside from its immediate association with climate in the tropics, ENSO

also affects the global climate due to coupled ocean/atmosphere feedbacks and a

redistribution of heat, moisture and momentum. ENSO shifts the location of the

subtropical jet stream, which is the primary determinant of storm tracks over the

midlatitudes (Rasmusson and Wallace, 1983; Holton, 2013). Additionally, it has

been shown that the phase of ENSO directly affects the strength and direction of
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Figure 2.5: 90th percentile plot of precipitation duration (days) for CCSM3,
CCSM4, and observations; contour labels are every 2 days. CCSM4 drastically
reduces the persistent precipitation bias in CCSM3, especially during the winter
and spring.

moisture transport from the tropics to the midlatitudes (Dettinger et al., 2004).

Figure 2.6 shows a Pearson correlation map between the cold-seasonally

averaged (NDJFM) PCs of the leading EOF of tropical SST anomalies and the cold-

seasonally averaged precipitation anomaly field over the western U.S. for CCSM3

(a), CCSM4 (b), and observations (c). The seasonal mean fields are calculated with

1300 years of CCSM4 data, 500 years of CCSM3 data, and 50 years of observed

data. CCSM4 captures both the dipole-like structure of the ENSO-precipitation

teleconnection and, compared to CCSM3, a stronger magnitude commensurate

with the observed pattern over much of the western United States (Gershunov

and Barnett, 1998). However, the model underestimates the observed eastward

extension of moderate positive correlation into Arizona and western New Mexico.

The Pacific Decadal Oscillation (PDO) is often defined as the leading EOF

of North Pacific SST anomalies, and substantially impacts oceanic and atmospheric
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Figure 2.6: Pearson correlation map between NDJFM leading ENSO PCs and
NDJFM precipitation anomalies for CCSM3 (a), CCSM4 (b), and observations (c)

climate variables (e.g. temperature, precipitation) in both hemispheres (Trenberth

and Hurrell, 1994; Mantua and Hare, 2002). In addition, the PDO has been shown

to modulate teleconnected patterns of oceanic and atmospheric circulation asso-

ciated with ENSO (Gershunov and Barnett, 1998; McCabe and Dettinger, 1999).

Significant peaks in the observed 20th century energy spectrum of the PDO have

been shown at 50-70 year and 15-25 year timescales (Mantua and Hare, 2002). No-

tably, the PDO has not been robustly proven to be a dynamical mode, but rather

the superposition of SST variability from multiple dynamical origins (Pierce, 2001;

Schneider and Cornuelle, 2005).

Figure 2.7 shows a Pearson correlation map between the cold-seasonally

averaged (NDJFM) PCs of the leading EOF of North Pacific SST anomalies and

the cold-seasonally averaged precipitation anomaly field over the western U.S. for
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CCSM3 (a), CCSM4 (b), and observations (c). The observed correlation map

shows that the southern part of the domain experiences enhanced precipitation

during positive PDO events, and vice versa, though the values are weak. (Note:

positive PDO events are warm along the west coast of North America, and cold

in the center of the Pacific Ocean). It is important to note the similarity between

teleconnected responses of western U.S. precipitation to ENSO (Figure 2.6) and the

PDO (Figure 2.7); that is, the tropical equatorial and North Pacific modes of SST

variability in the Pacific are not independent, particularly in CCSM4 (Newman

et al., 2003; Deser et al., 2012).

!

Figure 2.7: Pearson correlation map between NDJFM leading PDO PCs and
NDJFM precipitation anomalies for CCSM3 (a), CCSM4 (b), and observations (c)

Using the observed teleconnection pattern (Figure 2.7c) as a metric, it would

be appear that CCSM4’s simulation of the teleconnected response of precipitation

to PDO SST anomalies is improved compared to CCSM3. However, caution must
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be taken when comparing results from multi-century model runs to decadal obser-

vational records. This is especially true when the signal of interest has a periodicity

on the same order of the observed record, as in the case of the PDO. For example,

Figure 2.8 shows two correlation maps as in Figure 2.7, but calculated in indepen-

dent 50-year periods of the 1300-year run. To illustrate the range of variability, we

chose the two 50-year periods that were most similar and dissimilar to the observed

teleconnection pattern (Figure 2.7c). Although the sign of the relationship is con-

sistent, with negative values over the Pacific Northwest and positive values in the

Southwest, substantial spatial variability and differences in the magnitude of the

correlations exist between the 1300 year average and the two 50-year segments.

This temporal variation underscores the uncertainty of any particular estimate

of the PDO teleconnection derived from a 50 year observed sample. Ideally, a

sufficiently resolved, multi-centurial North Pacific observational dataset would be

needed in order to make meaningful comparisons to multi-centurial model runs

when considering the relationship of the PDO to western U.S. precipitation. In

addition, a 50-year period is not sufficient to define the PDO itself.

!

Figure 2.8: Pearson correlation map between CCSM4 NDJFM leading PDO
PCs and NDJFM precipitation anomalies for two 50 year partitions. There is
substantial variability in the spatial pattern.
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2.5 Relating Extreme Precipitation Statistics to

ENSO and PDO

We have shown that CCSM4 does an improved job of simulating west-

ern U.S. mean and extreme precipitation patterns and the teleconnected signal of

ENSO and the PDO to western U.S. precipitation. However, the correlation anal-

yses shown in section 2.4 assume a linear relationship between precipitation and

ENSO/PDO. In this section, we employ composite techniques which do not require

the assumption of linearity, and answer the questions: what are the characteris-

tics of CCSM4 extreme precipitation statistics on warm and cool ENSO and PDO

periods, are they asymmetric with respect to SST anomalies, and how do they

compare to observations? We focus on CCSM4 since we have shown that CCSM3

is deficient compared to CCSM4 in the measures of western U.S. precipitation of

interest here.

2.5.1 Extreme precipitation event composites

Figure 2.9 shows tropical and North Pacific surface temperature anomalies

composited on wet (top 20th percentile) and dry (bottom 20th percentile) years

for CCSM4 (top) and observations (bottom). The wet and dry periods were deter-

mined by calculating annual averages of monthly precipitation anomalies, averaged

over a subset of the southwestern U.S. (240E to 250E, 32N to 35N for CCSM4;

245E to 249E, 34N to 37N for observations). Separate regions are chosen for the

model and observations based on the positive correlation with ENSO seen in each

region in Figure 2.6. Based on the results shown in Figure 2.6, one would expect

tropical Pacific surface temperatures to be anomalously warm during wet periods

(or anomalously cold during dry periods) over this subsetted region. It is evident

that this occurs in both the model and observations; that is, the most anomalously

warm values of surface temperature occur in the eastern equatorial Pacific on wet

years, and vice versa on dry years. However, the model shows an almost completely

symmetric response (the composite pattern for wet years is nearly the negative of

the pattern for dry years), unlike the observations, which show a more tropical



23

connection for wet years and North Pacific connection for dry years. The model

matches the observations in wet years, but in dry years, the differences between

the model and observations are more pronounced.

This difference between the composite patterns for wet and dry years is

shown in the rightmost column in Figure 2.9. The magnitude of CCSM4 equatorial

Pacific SST anomalies on wet and dry years is greater than observations, reflecting

the greater symmetry between wet and dry years found in the model.

!

Figure 2.9: CCSM4 (top) and observed (bottom) annually averaged (January-
December) monthly surface temperature anomalies (K) composite on wet (>80th
percentile, left) and dry (<20th percentile, middle) southwestern U.S. years and
their difference (right). There is a strong tropical Pacific SST anomaly signal
associated with southwestern U.S. extreme precipitation regimes, particularly on
the annual time scale; the signal is stronger and more symmetric in CCSM4 than
in observations.

2.5.2 Precipitation intensity composites

To investigate the effect of ENSO and the PDO on extreme weather statis-

tics, we composite extreme (90th percentile) wintertime (NDJFM) precipitation
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intensity on wintertime seasons when the NDJFM ENSO index (top panel) or

NDJFM PDO index (bottom panel) is warm (leading PC >0.75) or cool (leading

PC <-0.75). Here, the PC is standardized and is thus unitless. Note that this

analysis differs slightly from those used in section 2.3.3 in that 90th percentile

precipitation intensity is calculated for each season (as before); those seasonal

values then are composited on warm (leading PC >0.75) and cool (leading PC <-

0.75) ENSO/PDO seasons and averaged. Thus, the calculation methodology is the

same, but the compositing step is exclusive to this figure. Precipitation duration

composites are not shown here due to the lack of a broad statistically significant

relationship.

Figure 2.10 shows the difference between mean 90th percentile values of

NDJFM precipitation intensity (mm/day) composited on warm and cool NDJFM

ENSO (top panel) and NDJFM PDO (bottom panel) seasons. Differences signif-

icant at the 1σ and 2σ (p <0.32 and p <0.05) levels are shown as dark and light

grey shading, respectively. CCSM4 is shown in the left column, while observations

are shown in the right column.

The response seen in NDJFM ENSO seasons strengthens three important

conclusions drawn from Figure 2.9. Firstly, Figure 2.10 shows that 90th percentile

precipitation events in the cool season are stronger over the southwest during warm

ENSO seasons than during cool ENSO seasons; the opposite is true over the Pacific

Northwest. This is roughly consistent with Figure 2.9, which shows that warm

ENSO conditions are prevalent during extreme wet periods over the southwest,

and vice versa during extreme dry periods. Secondly, as in Figure 2.9, Figure 2.10

shows that CCSM4 overestimates the magnitude of extreme precipitation events

during warm and cool NDJFM ENSO seasons. However, CCSM4 underestimates

the observed PDO signal, especially during cool NDJFM seasons. Finally, there

is a greater symmetry of the response of extreme precipitation on positive and

negative ENSO and PDO phases in CCSM4 than in observations.

The results from figures 2.9 and 2.10 demonstrate the relationship in CCSM4

between the phase of ENSO (and to a lesser degree, the PDO) and extreme precip-

itation statistics over the western U.S., and underscore the model’s exaggeration
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Figure 2.10: Difference (warm - cool) of mean 90th percentile value of NDJFM
precipitation intensity (mm/day) on warm (leading PC >0.75) and cool (leading
PC <-0.75) NDJFM (top) ENSO and (bottom) PDO years, with 95% (dark gray)
and 68% (light gray) confidence intervals shaded, for (left) CCSM4 and (right)
observations. Positive values are indicated by red contours, indicating that 90th
percentile precipitation intensity values are higher in warm NDJFM seasons than
in cool seasons; the opposite is true for negative values, indicated by blue con-
tours. For ENSO, heavy wintertime (NDJFM) precipitation intensity in CCSM4
is significantly stronger over the southwest during warm ENSO years than in cool
ENSO years, and the response is stronger than in observations. This is consistent
with expectations from Fig. 2.9. For the PDO, a similar qualitative pattern to
ENSO years exists in CCSM4, but it is weaker. The observations are consistent
and show a much stronger cool season signal that extends farther south.

of this relationship compared to observations.
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2.6 Discussion and Conclusions

Results shown here demonstrate that, in comparison to CCSM3, the newer

CCSM4 version of the United States Community Climate Model produces im-

proved simulations of both regional, synoptic precipitation events over the western

U.S. and tropical pacific (ENSO) and North Pacific (PDO) teleconnections to

western U.S precipitation. We concentrate on the differences between model gen-

erations rather than the effects of varying horizontal resolution on model results,

although future studies of the latter are required to paint a complete picture of

model behavior.

Notably, observed teleconnected signals of equatorial SST anomalies to

western U.S. precipitation anomalies are well captured by CCSM4 and represent a

substantial improvement from CCSM3. The correlation between PDO SST anoma-

lies and western U.S. precipitation is also well-simulated in CCSM4, although the

relatively short observational record means that the patterns can differ appreciably

due to natural internal climate variability (see Figure 2.8).

Over the western U.S., CCSM4 captures several important local and re-

gional precipitation features. The climatological pattern of CCSM4 western U.S.

precipitation agrees with that from observations, and the amounts are similar to

within several mm/day. In comparison to CCSM3, the zonal gradient of precipita-

tion in CCSM4, which is influenced heavily by the Cascade and Sierra Mountains,

is correctly larger over Northern California and the Pacific Northwest. CCSM3’s

simulation of this gradient was too small, causing precipitation estimates to be

smeared eastward across the region. This could be partially due to the fact that

CCSM3’s horizontal resolution (1.4◦) is slightly coarser than CCSM4’s (1.25◦ lon

x 0.9◦ lat) in the runs analyzed here, but since the resolutions are close, it is

likely that CCSM4 is handling the impact of orography on precipitation more re-

alistically. In addition, the wintertime secondary maximum in precipitation over

north-central Idaho seen in observations is found in CCSM4, but absent in CCSM3.

The displacement between the wettest climatological region (over central Oregon

and southwestern Washington) and the most intense storm region (which spreads

further southward) that is seen in observations is captured by CCSM4 during the
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wet season. Extreme precipitation duration, which was too persistent by several

weeks in CCSM3, is now correct in CCSM4 to within several days of observations.

Compositing extreme cold-season precipitation metrics on warm and cool

ENSO and PDO seasons in CCSM4 revealed that precipitation intensity is partic-

ularly sensitive to the phase of ENSO, and that there is a relationship in CCSM4

between the phase of ENSO (and to a lesser degree, the PDO) and extreme pre-

cipitation statistics over the western U.S.

This study demonstrates that CCSM4 shows many improvements in simu-

lating the teleconnected response of western U.S. precipitation to ENSO and the

PDO, and that the model’s relationship between ENSO and extreme western U.S.

weather statistics is consistent with observations, though too strong. Similar stud-

ies investigating CCSM4’s regional climate in other locations could prove useful,

so that the consistency of the model dynamics in CCSM4 can be tested across dif-

ferent regions. Studies investigating effects of varying model horizontal resolution

may wish to consider how model spatial resolution affects precipitation duration

and intensity. On balance, though, the similarity of a range of characteristics of

CCSM precipitation to those in observations indicate that the results shown here

could provide a basis to understand possible future changes using CCSM4 under

greenhouse gas emissions scenarios.
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2.8 Appendix

The following analyses supplement Section 2.4 and provide further evalu-

ation of the representation of CCSM4 ENSO teleconnection patterns across the

North Pacific. These figures were omitted from the published version of our paper

for brevity, but are included here for completeness.

2.8.1 Teleconnected signal of upper-level zonal wind anoma-

lies

In accordance with its influence on extratropical precipitation patterns,

the phase of El Nino substantially alters the strength and position of both the

subtropical and polar jet stream. These jets act both independently and together

to impact weather patterns across the United States (Holton, 2013). We therefore

choose to investigate CCSM4 simulation of upper-level zonal wind anomalies, a

relevant jet stream metric. Examining results over the tropical Pacific is also

insightful, since Hadley Cell dynamics are heavily influenced by anomalies in the

upper-level zonal wind field.

Figure 2.11 shows a Pearson correlation map between the Nino 3.4 index

(190E to 240E; 5S to 5N) and upper-level (225 hPa) zonal wind anomalies for

CCSM4 (a) and NCEP Climate Forecast System Reanalysis (Saha et al., 2010)

(b). Positive values show where warm SST anomalies are associated with upper

level westerly wind anomalies, and negative values, with easterly wind anomalies.

To digest the ramifications of Figure 2.11, first consider the near-equatorial domain

spanning from 175E to 225E; 5S to 5N, where the strongest negative reanalyzed

correlations are located. During an El Nino event, the area-averaged SST anomalies

used in the correlation calculation will be positive due to the eastward extension of

the west Pacific warm pool. Thus, negative correlations in this region imply that
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the upper-level westerlies formed as a result of large-scale Hadley cell circulation

will weaken. It follows that the opposite scenario will occur during a La Nina

event, where area-averaged equatorial SST anomalies will be negative. Both the

spatial structure (zonal and meridional) and magnitude of this alteration in the

upper-level anomalous zonal circulation is captured in CCSM4 throughout the

North Pacific. Notably, however, the weakly negative correlation that appears in

the reanalyzed data over eastern China and southern Japan is weakly positive in

the modeled correlation.

2.8.2 Teleconnected signal of sea level pressure anomalies

Mean sea level pressure is a common metric used to diagnose synoptic storm

intensity (Holton, 2013). Fluctuations of sea level pressure will occur as a result

of various dynamical mechanisms in the atmosphere.

To better understand the response of sea level pressure to dynamical forc-

ings, consider a dry atmosphere in hydrostatic balance,

∂z

∂p
=
−RT
pg

(2.1)

where z is geopotential height, p is pressure, R is the dry gas constant, T is

temperature, and g is the gravitational constant. In addition, consider the Eulerian

thermodynamic energy equation for a dry atmosphere, which can be written as

∂T

∂t
=

1

cp

dh

dt
− Vh · 5pT +

ωσp

R
(2.2)

where cp is the specific heat capacity of air at a constant pressure, h is the

heat content of an air parcel, Vh is the horizontal wind, ω is vertical velocity in

pressure coordinates (= dp
dt

), and σ is the static stability parameter (= −α
θ
∂θ
∂p

, where

α is the specific volume of an air parcel and θ is the potential temperature of an air

parcel). The first term on the right hand side of 2.2 represents the rate of diabatic

heating of an air parcel; the second term represents the advection of temperature

on a constant pressure surface by the horizontal wind; the third term represents

the rate of adiabatic heating of an air parcel.
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Figure 2.11: Pearson correlation map between area-averaged Nino 3.4 SST
anomalies and 225hPa zonal wind anomalies for CCSM4 and NCEP CFSR.

Differentiating 2.1 with respect to time, integrating 2.1 with respect to

pressure from the surface (1000hPa) to the top of the atmosphere (approximately

10hPa), and substituting 2.2 for ∂T
∂t

yields

(
∂z

∂t
)1000hPa = (

∂z

∂t
)10hPa −

R

g

∫ 1000hPa

10hPa

(−Vh · 5pT +
ωσp

R
+

1

cp

dh

dt
)
dp

p
(2.3)

Furthermore, (∂z
∂t

)1000hPa = ∂SLP
∂t

. Thus, sea level pressure will fall where
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there is vertically integrated warm air advection, adiabatic warming, and diabatic

warming, and rise where there is vertically integrated cold air advection, adiabatic

cooling, and diabatic cooling. Though a dynamical budget for cyclone intensifi-

cation and weakening in CCSM4 is outside of the scope of our paper, the above

analysis demonstrates the necessity for the model to appropriately capture the

teleconnection between equatorial SST anomalies and sea level pressure, since the

latter is an insightful metric by which storm intensification can be measured.

Figure 2.12 shows a Pearson correlation map between the Nino 3.4 index and

sea level pressure anomalies for CCSM4 (a) and NCEP CSFR (b). Positive values

show where warm SST anomalies are associated with positive SLP anomalies, and

negative values, with negative SLP anomalies. The model does well in the tropics,

capturing the features of the Walker Cell: both the decrease of SLP during El Nino

events in the eastern Pacific (or increase of SLP during La Nina events), and the

increase of SLP during El Nino events in the western Pacific (or decrease of SLP

during La Nina events). Elsewhere, some disparities exist. For example, along

the California coast, corrccsm4 <corrcfsr, which implies that CCSM4 simulates

anomalously low SLP during El Nino events (or anomalously high SLP during La

Nina events) compared to CFSR. However, the off-equatorial teleconnected signal

of sea level pressure anomalies is generally very well represented in CCSM4.

2.8.3 Teleconnected signal of 500hPa geopotential height

anomalies

500hPa geopotential height is a synoptic storm metric that can be used to

identify synoptic storm type and intensity in the absence of boundary layer friction

(Holton, 2013). In addition, 500hPa is a mid-tropospheric level that is well suited

to represent large scale atmospheric circulation and key processes involved in mid-

latitude storms and teleconnections. Figure 2.13 shows a Pearson correlation map

between the Nino 3.4 index and 500hPa geopotential height for CCSM4 (a) and

NCEP CSFR (b). Positive values show where warm SST anomalies are associated

with positive 500hPa height anomalies, and negative values, with negative 500hPa

anomalies. The correlation between these two variables is unrealistic in both mag-
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Figure 2.12: Pearson correlation map between area-averaged Nino 3.4 SST
anomalies and sea level pressure anomalies for CCSM4 and NCEP CFSR.

nitude and spatial distribution. Although broad reanalyzed patterns of positive

and negative correlation in the tropics and over North America, respectively, are

present in CCSM4, the modeled correlation magnitude is almost double the ob-

served magnitude over the tropical Pacific, and the sign of the modeled correlation

is incorrect over the subtropical North Pacific region.
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Figure 2.13: Pearson correlation map between area-averaged Nino 3.4 SST
anomalies and 500hPa geopotential height anomalies for CCSM4 and NCEP CFSR.



Chapter 3

Semi-direct dynamical and

radiative effect of North African

dust transport on lower

tropospheric clouds over the

subtropical North Atlantic in

CESM 1.0

This study uses a century length preindustrial climate simulation by the

Community Earth System Model (CESM 1.0) to explore statistical relationships

between dust, clouds, and atmospheric circulation and to suggest a semi-direct

dynamical mechanism linking subtropical North Atlantic lower tropospheric cloud

cover with North African dust transport. The length of the run allows us to account

for interannual variability of North African dust emissions and transport in the

model. CESM’s monthly climatology of both aerosol optical depth and surface dust

concentration at Cape Verde and Barbados, respectively, agree well with available

observations, as does the aerosol size distribution at Cape Verde. In addition,

CESM shows strong seasonal cycles of dust burden and lower tropospheric cloud

34
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fraction, with maximum values occurring during boreal summer, when a strong

correlation between these two variables exists over the subtropical North Atlantic.

Calculations of Estimated Inversion Strength (EIS) and composites of EIS on high

and low downstream North African dust months during boreal summer reveal

that dust is likely increasing inversion strength over this region due to both solar

absorption and reflection. We find no evidence for a microphysical link between

dust and lower tropospheric clouds in this region. These results yield new insight

over an extensive period of time into the complex relationship between North

African dust and North Atlantic lower tropospheric clouds, which has previously

been hindered by spatiotemporal constraints of observations. Our findings lay a

framework for future analyses using different climate models and sub-monthly data

over regions with different underlying dynamics.

3.1 Introduction

The role of aerosols in the climate system is complex, and their forcing on

the climate system remains a large uncertainty in model projections of climate

change (Stevens and Feingold, 2009). Aerosols originate from a variety of natural

and anthropogenic sources and induce both direct (via scattering, reflection, and

absorption) and indirect (via cloud seeding) effects on Earth’s radiative budget

(Twomey, 1974; Albrecht, 1989; Leaitch et al., 1992; Kiehl and Briegleb, 1993; Jones

et al., 1994; Lohmann and Feichter, 2005; Carslaw et al., 2010).

Mineral dust in particular interacts with local and remote climate in a

variety of ways. It is an effective absorber and scatterer of incoming shortwave

radiation and an effective absorber and emitter of outgoing terrestrial longwave

radiation (Tegen et al., 1996; Penner et al., 2001; Sokolik et al., 2001; Tegen,

2003), and has been linked to modification of cloud properties and precipitation

(e.g. Kaufman et al. (2005)). Dust has been shown to suppress precipitation by

acting as cloud condensation nuclei (CCN) that decrease droplet size (Rosenfeld

et al., 2001), and to alter radiative and meteorological characteristics of upper

tropospheric clouds by serving as ice condensation nuclei (DeMott et al., 2003;
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Sassen et al., 2003; Smoydzin et al., 2012). The impact of dust on cold-phase

clouds and subsequent precipitation has received considerable attention recently,

as several studies have examined the remote influence of transported Asian dust

on heavy orographically enhanced precipitation over the Sierra mountain range

(Rosenfeld et al., 2008; Ault et al., 2011).

The largest global source of dust is the North African Sahel-Sahara desert

region, which emits approximately 800 Tg of dust each year (Huneeus et al., 2011).

Consequently, the impact of North African dust on global climate has received

considerable attention over the past several decades, and has spawned a number

of biogeochemical, meteorological, and climatic studies that focus on the effect

of mineral dust on clouds, circulation, and radiation both locally and in remote

regions downwind of dust sources (Prospero and Nees, 1986; Martin, 1990; Okin

et al., 2004; Chiapello et al., 2005; Evan and Mukhopadhyay, 2010; Mahowald et al.,

2010).

This transport of mineral dust in Earth’s atmosphere downwind of arid

high source regions has been observed for centuries. 19th and early-to-mid 20th

century observations were made by ships (Darwin and Bettany, 1890; Prospero and

Bonatti, 1969) or by land stations that measured advected dust (Prospero et al.,

1970). Many subsequent studies of observed mineral dust were greatly aided by

the onset of the satellite era and the development of remote sensing techniques

for mineral aerosols (Ackerman and Chung, 1992; Moulin et al., 1997; Evan et al.,

2006c). These improvements allowed for the detection of dust over the ocean at

improved spatial resolutions, spanning longer continuous periods of time. Specific

to the North African region, Evan and Mukhopadhyay (2010) implemented a simple

statistical model to extend satellite-retrieved dust measurements over the northern

tropical Atlantic from 1955-2008.

Despite these improvements, it remains challenging to obtain a coherent

spatiotemporal record of dust, circulation, and clouds over North Africa and the

tropical-subtropical north Atlantic that is extensive enough to calculate robust

statistics that are of sufficient length to address climate-related questions. To

provide such a record, this study uses oceanic and atmospheric output from a
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state-of-the-art century length global coupled climate model simulation with an

interactive aerosol treatment to address several important questions: a) What are

the characteristics of seasonal variability in dust emissions, dust transport, and

other relevant meteorological variables over North Africa and the North Atlantic

basin? b) Is there a multi-year mode of variability in the emissions and transport

of dust over North Africa, and is the interannual variability stronger during par-

ticular seasons? c) How are North African dust emissions and transport related to

lower tropospheric stratiform clouds over the tropical and subtropical North At-

lantic, downstream of high dust source regions? d) Does dust residing in the lower

troposphere in boreal summer promote boundary layer stratiform cloud growth by

strengthening the inversion in the lower troposphere downstream of North Africa?

These questions are important because the response of radiative forcing

of optically thick stratiform clouds in the lower troposphere to climate change is

still one of the largest sources of uncertainty in climate models (Yokohata et al.,

2010; Klocke et al., 2011). In addition, enhanced lower tropospheric cloud growth

due to increased dust transport could further decrease the likelihood of hurricane

formation in the Atlantic due to reduced sea surface temperature (Evan et al.,

2009), which has the potential to strongly impact the economy of Caribbean island

nations, Mexico, and the eastern United States.

This is the first study to use a century length coupled model simulation with

an interactive modal aerosol treatment to explore statistical relationships between

North African dust, clouds and circulation. The Community Earth System Model

(CESM 1.0) (Hurrell et al., 2013) is chosen for this study because of its inclusion of

the aerosol indirect effect and its ability to capture observed spatiotemporal vari-

ability of aerosol mass and number concentrations, size distributions, and aerosol

optical properties (Liu et al., 2012). Our results suggest a dynamical and radiative,

rather than microphysical, mechanism linking subtropical North Atlantic lower tro-

pospheric cloud cover with dust transported from North Africa. This semi-direct

mechanism is similar to the one identified by Koch and Del Genio (2010) for black

carbon aerosols.
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3.2 Data Used

3.2.1 CESM 1.0 150 Year Simulation

We ran a 150-year pre-industrial global simulation using CESM 1.0.3 with

interactive dust emission and transport, which allows dust as well as other com-

ponents of the aerosol to affect radiative budgets and cloud properties at each

time step (Hurrell et al., 2013). The simulation was run at a horizontal resolution

of 2.5◦ (lon) x 1.9◦ (lat). The component set for this simulation is 1.9x2.5gx1v6

B1850CAM5CN, and the code base is CESM 1.0.3. Monthly simulation output

was saved for several species of aerosols, including mineral dust (e.g. surface emis-

sions, optical depth, atmospheric burdens, absorption, vertical concentrations) and

associated variables relevant to understanding aerosol and cloud processes. This

CESM simulation features a realistic seasonal cycle of dust and African easterly

jet formation and improved parameterizations of boundary layer clouds and cloud

microphysics (Bretherton and Park, 2009; Park and Bretherton, 2009; Gent et al.,

2011; Neale et al., 2013; Hurrell et al., 2013).

A century-length simulation is necessary due to interannual variability of

boreal summer dust emissions and transport over the North African and east-

ern subtropical North Atlantic associated with the El Nino-Southern Oscillation

(ENSO) in CESM (not shown).

3.2.2 CAM5 Trimodal Treatment of Aerosols in Long

CESM Runs

For extensive climate runs (decades to millennia), CAM5 treats aerosols

using a tri-modal aerosol module (MAM3) that includes an Aitken (small), ac-

cumulation (medium), and coarse (large) mode representation of aerosol species.

Figure 3.1 lists the species in each mode, whose properties are predicted forward

in time over the course of the simulation (see Liu et al. (2012) for more details).

Mineral dust is emitted in both the coarse and accumulation modes using the

Zender et al. (2003) Dust Entrainment and Deposition Model, as described by
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Liu et al. (2012). The cut-off size range for dust emissions is 0.1-1.0µm for the

accumulation mode, and 1.0-10µm for coarse. Dust is assumed to be internally

mixed with the other components in each mode, with the bulk hygroscopicity and

refractive index of each mode calculated assuming volume mixing of the hygro-

scopicity and refractive index values of each component (including water in the

case of refractive index) in the mode. Water uptake is calculated using κ-Kohler

theory (Petters and Kreidenweis, 2007). Volume mixing enhances absorption by

dust when coated with sulfate, organic, and water. The hygroscopicity (κ) for

mineral dust is specified as 0.068, while the dust refractive indices are from OPAC

(Hess et al., 1998). The imaginary part of the refractive index for the OPAC dust

is known to be greater than that retrieved for Saharan dust (Sinyuk et al., 2003),

so excessive absorption by dust in the simulation should be kept in mind. Dust

optical properties (extinction efficiency, absorption efficiency, asymmetry factor)

are parameterized from Mie calculations (Ghan and Zaveri, 2007). Dust is trans-

ported by the resolved winds, vertical diffusion, and cumulus mass flux in CAM5.

And removed by dry deposition, nucleation scavenging, and impact scavenging as

described by Liu et al. (2012).

Aitken Accumulation Coarse 
Sulfate Sulfate Soil dust 

Secondary OM Secondary OM Sea salt 
Sea salt Primary OM Sulfate 

 Black carbon  
 Soil dust  
 Sea salt  
!

Figure 3.1: Trimodal treatment of aerosols in century length interactive CESM
1.0 runs similar to the one used in this study.

3.2.3 NASA AERONET Observational Data Set

We evaluate aerosol optical depth and volume size distribution in CAM5

using approximately 20 years of NASA AERONET (Aerosol Robotic Network)

Version 2 Direct Sun Algorithm and Inversions data (Level 2.0) collected at Cape

Verde (16N, -22W). Station data at this site are available from January 1996 to
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April 2013, and were quality controlled to distinguish between aerosol and cloud

(Smirnov et al., 2000). Pre- and post-field calibration were applied to the AOD

data, which were also automatically cloud cleared and manually inspected for qual-

ity control. The dataset at Cape Verde is limited by an instrument malfunction,

which caused missing data for several months in the 17-year record. We also eval-

uate AOD at Ragged Point near Barbados (13N, -60W), where data is available

from August 2007 to April 2014. Retrieval development and implementation tech-

niques for AERONET inversion products were introduced in (Dubovik and King,

2000).

3.2.4 Barbados Dust Observational Data Set

We evaluate surface dust concentration in CAM5 by using 44 years of

monthly mean data recorded at Barbados from 1965-2008 (Prospero and Lamb,

2003). Recorded concentrations are based on the ash weight of the filter after

extracting solubles. The monthly means are comprised of samples where the run

time was greater than 10%; samples whose run times were under 10% were not

included because of limited data and unreliable surface wind measurements.

3.2.5 ISCCP Cloud Data

For evaluation of lower tropospheric cloud fraction, we use the ISCCP

D1 series global dataset, which spans from January 1984 to December 2009 and

has a horizontal resolution of 2.5◦ (lon) x 2.5◦ (lat) (Rossow and Schiffer, 1991).

The dataset has been corrected for artifacts with normalization and meteorolog-

ical indices, and the cloud fraction is averaged to monthly values. Although the

CALIPSO dataset has superior vertical resolution, it is only available from 2006-

2012, which is a major drawback given the length of our CESM simulation.

3.2.6 Dust Variables Used in This Study

In this study, we will focus on analyzing three dust variables: A) total at-

mospheric dust burden (g/m2), which vertically integrates all dust modes to obtain
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a column dust mass at each grid cell; B) accumulation mode dust concentration

(kg dust/kg air); and C) coarse mode dust concentration (kg dust/kg air). B)

and C) are saved at 30 vertical levels in the atmosphere and allow us to examine

the vertical structure of dust over our regions of interest. We calculate seasonal

averages of all variables used in this study to discern the strong seasonal cycle of

dust observed in the North African region (Prospero and Nees, 1986).

3.3 Evaluation of CAM5 Aerosol Optical Depth,

Volume Size Distribution, and Surface Dust

Concentration

Before analyzing CAM5 output, it is important to determine whether or

not its representation of aerosol optical depth (AOD), volume size distribution,

and surface dust concentration are in reasonable agreement with limited available

observations. For AOD and volume size distribution, we use AERONET observa-

tions near Cape Verde; for surface dust concentration, we evaluate CAM5 using the

observations from Barbados. This approach gives a sense of the realism of CAM5

dust both near and downstream of the high source region over North Africa.

Most of the AOD near Cape Verde is produced by dust, so AOD is a good

indicator of the dust column burden. Figure 3.2 shows monthly climatologies

of 530nm AOD near Cape Verde (16N, -22W) for AERONET (red) and CAM5

(black). Recall that the AERONET dataset spans 17 years, while the CAM5

simulation is 150 years long. We obtained AERONET AOD at 530nm by calcu-

lating the Angstrom exponent using measurements at 440nm and 675nm, since

AERONET does not retrieve AOD at 530nm at Cape Verde. The annual cycle of

AOD is similar for all three datasets, though boreal autumn values are approxi-

mately 30% higher in AERONET. The error bars are larger for AERONET due in

part to the shorter record length relative to CAM5, and the error bars generally

increase during the spring and summer. The width of the error bars is larger in

summer relative to late fall and winter, which suggests that interannual variability
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of AOD is larger during summer.
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Figure 3.2: Mean monthly climatology of 530 nm aerosol optical depth (AOD)
near Cape Verde (16◦N, −22◦W)

Aerosol particle size affects both atmospheric residence time and physi-

cal and chemical properties of aerosols in the atmosphere (Seinfeld and Pandis,

2012). Therefore, it is important to evaluate CESM aerosol size distribution us-

ing available observations. Figure 3.3 shows the time-averaged column-integrated

volume size distribution of aerosols near Cape Verde from AERONET (red) and

CESM (black). Both distributions were calculated using 22 bins of logarithmically

spaced radii from 0.5µm to 15µm, and assuming a lognormal distribution of num-

ber mode radius. For CESM data, average volume mixing ratios were calculated

for each mode using the aerosol species listed in Figure 3.1. CESM’s distribution
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is biased towards slightly coarser radii, and its standard deviation in the coarse

mode is larger. The magnitudes of the distributions are comparable.
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Figure 3.3: Column-integrated volume size distribution (µm3/µm2) of aerosols
at Cape Verde from AERONET (red) and CESM (black).

It is also useful to evaluate dust in the atmosphere downstream of the high

source regions over North Africa. Similar to Figure 3.2, Figure 3.4 shows monthly

climatologies of 530nm AOD near Barbados (13N, -60W) for AERONET (red)

and CAM5 (black). The timing of the seasonal cycle of AOD is similar, with peak

values occurring in June and July, but CAM5 overestimates the magnitude of AOD

by a factor of 2 across all seasons.

Figure 3.5 shows monthly climatologies of surface dust concentration (µg/m3)

near Barbados (13N, -60W) for observations (red) and CAM5 (black). In this case,
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Figure 3.4: Mean monthly climatology of 530nm aerosol optical depth (AOD)
near Barbados (13N, -60W) from AERONET (red) and CAM5 (black). The
AERONET data are available from 2007 to the present, and the CAM5 simulation
is 150 years. Vertical bars represent +/- 1 standard error for each month.

the observations only span 44 years, while the CAM5 simulation is 150 years long.

Similar to the Cape Verde AOD comparison, CAM5?s monthly climatology of sur-

face concentration is realistic. The peak in observed surface dust concentration

precedes that of the model by approximately one month and has larger error bars

in all months. The error bars for both observations and CAM5 are largest during

boreal summer, when the mean surface dust concentration is highest.

Overall, the model’s representation of the seasonal cycle of AOD both near

the continental source regions and downstream of the continent near Barbados

are quite realistic, with some discrepancies in magnitude. There are several possi-



45

2 4 6 8 10 12

0
10

20
30

40

Dust concentration at Barbados (13N,−60W) monthly climatology

month

C
on

ce
nt

ra
tio

n 
(m

ic
ro

gr
am

/m
3)

OBS
CESM

Figure 3.5: Mean monthly climatology of surface dust concentration(µg/m3)
near Barbados (13N, -60W) from AERONET (red) and CAM5 (black). Data at
Barbados are available from 1965 to 2008, while the CAM5 simulation is 150 years.
Vertical bars represent +/- 1 standard error for each month.

ble explanations for differences between the two distributions. Perhaps the most

likely cause is attributable to unreliable emissions in CAM5. In particular, the

sources of dust described in Zender et al. (2003) do not include sources in the

Sahel, a region where local emission contributes substantially to high daily dust

concentration at the end of spring and early summer (Marticorena et al., 2010). In

addition, our model does not resolve cold pool downdrafts over the North African

region that produce haboobs, which could account for a significant amount of dust

emission during the spring to summer transition period (Marticorena et al., 2010;

Ashpole and Washington, 2013). Dust emission is also a complex function of other
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variables including soil moisture and particle size distribution (Kok, 2011). Other

possible explanations include relatively low dry and wet deposition rates of dust in

CAM5 over the North Atlantic, or differences between the observed and modeled

horizontal wind field over the open ocean.

Figure 3.6 shows histograms of monthly averaged surface dust concentra-

tion near Barbados from CAM5 (top panel) and observations (bottom panel). The

means and variances of the CAM5 and observed surface dust concentration dis-

tributions are very similar, much like the AOD comparison at Cape Verde. Both

distributions are positively skewed, though extreme values are larger in CAM5

than in observations. In summary, figures 3.2-3.6 show that the seasonal clima-

tologies and distribution shapes of AOD and surface dust concentration in CAM5

are generally realistic when compared to limited available observations, as is the

volume size distribution of aerosols near Cape Verde.

3.4 Mean Seasonal Climatologies and Vertical

Structure of Dust

3.4.1 Dust Burden

150-year averages of dust burden over North Africa in our simulation ac-

count for 61% of global dust burden in boreal winter, and 68% in boreal summer

(not shown). Despite uncertainties and constraints of observations, these percent-

ages are qualitatively similar to observational estimates (Engelstaedter et al., 2006).

We note that our model simulation ignores anthropogenic sources of dust, which

have been estimated to represent 8% of North African dust and 25% of global dust

burden (Ginoux et al., 2012). Additionally, there is a strong seasonal cycle of dust

burden and emissions in CESM.

Figure 3.7 shows 150-year seasonal averages of total dust burden (g/m2)

over North Africa and the tropical-subtropical North Atlantic. Increased atmo-

spheric dust loading during boreal spring and summer and subsequent downstream

transport over the open ocean in CESM are consistent with observations from pre-
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CAM5: Histogram of dust concentration at Barbados; mean=12.10, sd=10.20
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Figure 3.6: Histograms of dust concentration near Barbados (13N, -60W) from
CAM5 (top) and from observations (bottom).

vious satellite and in situ based studies (Engelstaedter et al. (2006) and Prospero

and Lamb (2003), respectively, e.g.), though comparisons between limited spa-

tiotemporal observational data and a century coupled climate model run must be

made with caution. Notably, there are three major Saharan dust source regions in

the model that are most pronounced during boreal summer: A) West Africa, near

southern Morocco (-20W to 0W, 15N to 30N); B) North Africa, near Northern

Algeria (0W to 10W, 30N); C) East Africa, near northern Sudan and southern

Egypt (20W to 40W, 10N to 25N). The dust burdens in regions A and C are gen-

erally an order of magnitude greater in boreal summer; the burden in region B is

near zero during boreal winter, but of comparable magnitude to regions A and C
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during boreal summer.

−60 −40 −20 0 20 40
−20

−10

0

10

20

30

40

DJF

longitude

la
tit

ud
e

0.5 1 1.5

−60 −40 −20 0 20 40
−20

−10

0

10

20

30

40

MAM

longitude

la
tit

ud
e

0.5 1 1.5

−60 −40 −20 0 20 40
−20

−10

0

10

20

30

40

JJA

longitude

la
tit

ud
e

0.5 1 1.5

−60 −40 −20 0 20 40
−20

−10

0

10

20

30

40

SON

longitude

la
tit

ud
e

0.5 1 1.5

Figure 3.7: One hundred fifty year seasonal averages of CAM5 total dust burden
(g/m2) for December-January-February (DJF), March-April-May (MAM), June-
July-August (JJA), and September-October-November (SON).

3.4.2 Vertical Structure of Dust over North Africa and

Subtropical North Atlantic

To better understand the zonal and vertical structure of dust transport,

Figures 3.8 and 3.9 show vertical profiles of 150-year seasonal averages of accu-

mulation mode (a1) and coarse mode (a3) dust concentration, respectively, over

the subtropical Atlantic downstream N. Africa region (-35W to -20W, 15N to 25N;

blue), West Africa (-15W to -5W, 15N to 25N; red), and East Africa (20W to 40W,
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15N to 25N; black). Dust concentrations are highest over the East African surface

across all seasons compared to the other two locations. This indicates that dust

transport over the open ocean during these seasons is primarily occurring in the

lower troposphere, near 700hPa.
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Figure 3.8: Vertical profiles of 150 year seasonal averages of CAM5 accumulation
mode (a1) dust concentration.

Assessing the realism of Figures 3.8 and 3.9 is important, but observational

records of the vertical structure of aerosols are very limited. Koffi et al. (2012)

evaluated CALIOP aerosol extinction coefficient profiles at over North Africa and

the subtropical North Atlantic from 2007-2009 using twelve AEROCOM 2000 sim-

ulations. Figures 3.10 and 3.11 show CESM aerosol extinction coefficient profiles

over the North African and subtropical North Atlantic regions defined in Koffi
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Figure 3.9: As in Figure 3.8 but for coarse mode (a3) dust concentration.

et al. (2012). The values were normalized according to the method described in

Koffi et al. (2012) such that the total AOD is normalized over the first 10 kilo-

meters of the atmosphere. The vertical structure of CESM aerosol extinction is

generally realistic in these regions, especially during boreal summer over the sub-

tropical North Atlantic. Observations used by Koffi et al. (2012) show advection

of Saharan dust to the Atlantic between 2 and 5 km, which is confirmed by Figures

3.8, 3.9 and 3.10.

Figure 3.12 shows a comparison of mean extinction height Zα for CAM5

and the CALIPSO data used in Koffi et al. (2012) over the North African and

subtropical North Atlantic regions. Mean extinction height is defined as
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Figure 3.10: Vertical profiles of 150 year seasonal averages of CAM5 normalized
aerosol extinction coefficient (km−1) over North Africa.

Zα =

∑n
i=1 bext,i ∗ Zi∑n

i=1 bext,i
, (3.1)

where bext,i is the aerosol extinction coefficient (km−1) at level i, and Zi

is the altitude (km) at level i. In both CAM5 and CALIPSO, the lowest values

of Zα occur during boreal winter, while the highest values occur during boreal

summer. However, CAM5 systematically underestimates Zα, particularly during

boreal summer in both regions. It is important to note that CALIPSO data used

here to calculate mean extinction height are only available for three years, while

the CAM5 simulation is 150 years.
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Figure 3.11: Vertical profiles of 150 year seasonal averages of CAM5 normalized
aerosol extinction coefficient (km−1) over the subtropical North Atlantic.

 CAM5 CALIPSO (Koffi et al. 
[2012]) 

NAF DJF 1.10 +/- 0.002 1.23 
NAF MAM 1.36 +/- 0.001 2.10 
NAF JJA 1.58 +/- 0.001 2.44 
NAF SON 1.41 +/- 0.003 1.85 
CAT DJF 0.75 +/- 0.002 1.10 

CAT MAM 0.85 +/- 0.002 1.33 
CAT JJA 1.04 +/- 0.003 1.96 

CAT SON 0.88 +/- 0.002 1.31 
!

Figure 3.12: Comparison of mean aerosol extinction height (km) for CAM5 and
the CALIPSO data used in Koffi et al. (2012) for the North Africa (NAF) and
subtropical North Atlantic (CAT) regions. Indicated for CAM5 are +/- 1 standard
errors.
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3.4.3 Relationship of Lower Tropospheric Zonal Wind to

Downstream North Africa Dust

Figure 3.13 shows a Pearson correlation of boreal summer 820hPa zonal

wind and downstream North African dust burden. Dust values were area-averaged

over the subtropical North Atlantic (10N to 25N; -35W to -20W) and correlated

with 820hPa zonal wind at each grid cell across the region shown. Hatched regions

indicate areas where the true correlation is not equal to zero at the 95% confidence

level, computed using a two-sample t-test. Large negative correlation values (∼
0.8) over northwest Africa and the eastern subtropical North Atlantic indicate that

increased mass of atmospheric dust downstream of North Africa is associated with

stronger lower tropospheric easterly flow. In addition, there is a strong meridional

gradient in the correlation pattern, with an inflection point near Cape Verde. This

is evidence of a strong meridional gradient in the mean zonal wind at 820hPa (not

shown).

3.4.4 Evaluation of CESM North Atlantic Lower Tropo-

spheric Cloud Fraction

Figure 3.14 shows 150-year seasonal averages of vertically integrated lower

tropospheric cloud fraction over North Africa and the tropical-subtropical North

Atlantic. Lower tropospheric cloud fraction is defined as the seasonal average

of percentage of cloud cover over a given grid cell, averaged over the 1000hPa

to 700hPa layer. Subtropical North Atlantic cloud fraction downstream of high

Saharan source regions of dust increases by up to 80% from boreal winter to boreal

spring and summer. In addition, the location of maximum lower tropospheric cloud

fraction shifts northward during the summer, coincident with the northward shift in

downstream dust transport during that season. Mid-to-upper (i.e. above 700hPa)

tropospheric cloud fraction does not increase during the spring and summer over

this region (not shown).

Figure 3.15 shows seasonal averages of ISCCP low level cloud fraction, span-

ning from January 1984 to December 2009. Low level cloud fraction is estimated
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Figure 3.13: Pearson correlation of boreal summer CAM5 820hPa zonal wind
and area-averaged downstream North African dust burden. Gray hatches indicate
regions where there is 95% confidence that the true correlation is not equal to zero,
using a two-sample t test.

using a random overlap correction, such that

LLCF =
LOW

1−HIGH −MID
(3.2)

where LOW = ISCCP low level cloud fraction, HIGH = ISCCP high

level cloud fraction, and MID = ISCCP mid level cloud fraction. The random

overlap correction is applied because ISCCP often misplaces low clouds into the

mid level category over strong inversions (Garay et al., 2008) and if there are

overlying cirrus (Mace et al., 2006), and because ISCCP can only see low clouds

unobscured by higher clouds (Rozendaal et al., 1995). Observed low level cloud
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Figure 3.14: One hundred fifty year seasonal averages of CAM5 vertically inte-
grated lower tropospheric cloud fraction.

fraction downstream of high dust source regions increases substantially during

boreal summer, but the increase is not as large as is seen in CESM. Like CESM,

the highest values of ISCCP low level cloud fraction shift northward downstream

of North Africa during boreal summer. Large differences ISCCP and CESM can

be found over the Sahara desert. ISCCP values are much higher in this region

because ISCCP cannot distinguish between aerosol and cloud in regions where

AOD is high, and because ISCCP may mistake the bright desert surface for cloud

droplets (e.g. Engelstaedter et al. (2006)).
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Figure 3.15: Seasonal averages of ISCCP low cloud fraction, from January 1984
to 2009.

3.5 Relating North African Dust Transport to

Subtropical Atlantic Lower Tropospheric

Cloud Fraction Increase During Boreal Sum-

mer

The results from section 3.4 suggest a possible link between boreal summer

North African dust transport and increased subtropical Atlantic lower tropospheric

cloud fraction in CESM 1.0. Mahowald and Kiehl (2003) were the first to correlate

subtropical and tropical North Atlantic cloud cover with North African dust, using
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a 16-year subset of the ISCCP dataset. They found that surface dust concentra-

tions at the Barbados in situ observing site in the western subtropical Atlantic

(Prospero and Nees, 1986) were moderately correlated with only low thin clouds

over the subtropical North Atlantic, downstream of the Sahara desert source region.

However, due to observational data constraints, the authors could not distinguish

between a microphysical (Saharan dust acting as CCN for low thin clouds) or

dynamical link between the two variables. Here, we explore this relationship in

CESM 1.0.

3.5.1 Dust Burden and Lower Tropospheric Cloud Frac-

tion Correlation

Figure 3.16 shows Pearson correlations of seasonally averaged dust bur-

den and lower tropospheric cloud fraction over North Africa and the tropical-

subtropical North Atlantic. Hatched regions indicate areas where the true correla-

tion is not equal to zero at the 95% confidence level, computed using a two sample

t-test. During boreal spring, and particularly during boreal summer, a modest-

to-strong correlation pattern emerges over the eastern subtropical North Atlantic,

downstream of North Africa. This area is coincident with increases in both trans-

ported Saharan dust over the open ocean and increased lower tropospheric cloud

fraction during these seasons. In contrast to positive correlations observed at lower

levels, the correlation of mid and upper tropospheric cloud fraction to dust burden

during these seasons is close to zero (not shown).

Figure 3.17 shows a scatterplot of boreal summer average dust burden

anomalies (abscissa) and lower tropospheric cloud fraction anomalies (ordinate),

area-averaged over the modest-to-strong correlation region shown in Figure 3.16;

each point represents a seasonal average anomaly value. Clearly, a strong linear

relationship between the two variables exists over this region during boreal sum-

mer (R ∼ 0.75). The seasonal anomalies of lower tropospheric cloud fraction over

the subtropical North Atlantic during boreal summer are approximately 10-20% of

the raw values over the 150 year simulation, while the seasonal anomalies of dust

burden in this region are a similar fraction of raw values, but with several highly
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Figure 3.16: Pearson correlation of seasonally averaged CAM5 dust burden and
lower tropospheric cloud fraction anomalies over North Africa and the tropical-
subtropical North Atlantic. Gray hatches indicate regions where there is 95%
confidence that the true correlation is not equal to zero, using a two-sample t test.

anomalous seasons where the fraction increases to near 60% (not shown). Sub-

sequent analyses are aimed at determining whether a microphysical or dynamical

mechanism is primarily involved in linking the cloud variation to the fluctuating

dust concentration over the eastern North Atlantic.
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Figure 3.17: Scatterplot of boreal summer CAM5 average dust burden anomalies
(abscissa; kg/m2) and lower tropospheric cloud fraction anomalies (ordinate; unit-
less), area averaged over the modest-to-strong correlation region shown in Figure
3.16.

3.5.2 Vertical Structure of Downstream North African

Dust, Cloud Fraction, and Solar Heating Rate

Figure 3.18 builds upon the results of Figures 3.16 and 3.17 to gain more

insight into the strong boreal summer correlation between dust burden and lower

tropospheric cloud fraction over the subtropical Atlantic. It plots vertical profiles

of 150-year averages of coarse and accumulation mode dust concentration (black),

cloud fraction (red), and solar heating rate (green) area-averaged over the sub-

tropical North Atlantic region downstream of North Africa during boreal winter
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(top row) and summer (bottom row). During boreal winter, the maximum dust

concentration is close to the surface, and cloud fraction is generally low over the

subtropical North Atlantic region. However, a very different vertical structure is

present during the summer, when the maximum dust concentration is located sev-

eral hundred hectopascals above the maximum cloud fraction, which is located in

the boundary layer (see also Figures 3.8 and 3.9). Additionally, the vertical struc-

ture of cloud fraction is very similar in both seasons, but the ∼ 900hPa maximum

is nearly twice as large in the summer. This suggests that dust may be affect-

ing clouds radiatively or dynamically in this region, but not microphysically, since

the vertical structure of cloud fraction is distinct from that of dust concentration,

but the magnitude of maximum boundary layer cloud fraction doubles when dust

transport in the layer above increases.

In both boreal winter and summer, solar heating rate is maximum near

the top of the maximum cloud layer. This is due to weak solar absorption by

cloud droplets and water vapor at the cloud top (Wood, 2012). However, in boreal

summer, a secondary maximum of solar heating rate emerges within the layer of

maximum dust concentration. This additional heating due to solar absorption by

dust will heat the air locally and decrease the amount of solar radiation reaching

the lower troposphere. Both heating near the cloud top and cooling at the sur-

face will promote lower tropospheric cloud growth by increasing inversion strength

(i.e. dT
dz

becomes more positive). Vertical profiles of air temperature during boreal

summer over this region show a maximum near the bottom of the maximum dust

layer around 750hPa, but not near the maximum cloud layer around 900hPa. This

750hPa temperature maximum is absent during boreal winter, when dust concen-

trations are lower aloft than in the summer. This is further evidence supporting

the hypothesis that dust is strengthening the boreal summer subtropical North

Atlantic temperature inversion, at least in part by increased temperatures aloft

due to solar absorption by advected North African dust. However, we must note

that the likely overestimate of absorption from using the OPAC dust refractive

indices means this inversion strengthening mechanism is likely overestimated by

CESM (Albani et al., 2014).
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Figure 3.18: Vertical profiles of 150 year boreal winter (DJF) and summer (JJA)
averages of CAM5 downstream North African coarse and accumulation dust mode
concentration (black), cloud fraction (red), and solar heating rate (green).

The high summertime correlation between dust burden and lower tropo-

spheric cloud fraction in Figure 3.18 may be explained in several possible ways:

A) the correlation is spurious and has no physical significance; B) dust particles

advected off the North African continent are acting as cloud condensation nuclei

in the lower troposphere (Rosenfeld et al., 2001); C) dust particles advected off

the North African continent reflect shortwave radiation back to space, heat the air

locally due to solar absorption by the dust, cool the boundary layer, and promote
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lower tropospheric cloud growth by strengthening the lower tropospheric inversion

and bringing the air closer to saturation (Koch and Del Genio, 2010); D) the cor-

relation is driven by the response of both dust and cloud to another factor, such

as vertical velocity. Although vertical velocity is related to inversion strength be-

cause of its influence on air temperature due to adiabatic heating and cooling, it

can also be dynamically important in transporting quantities of dust away from

or closer to the boundary layer. Hypothesis A appears unlikely, given the strong

statistical significance of the results from the long CESM simulation and also the

well-known radiative, dynamical, and microphysical impact of dust particles in

the atmosphere. These impacts have been elucidated by a body of (aforemen-

tioned) previous studies that have explored hypotheses B and C in a variety of

experimental situations. Hypothesis B can be eliminated because the maximum

dust concentration (around 700hPa) is located above the maximum cloud fraction

(around 900hPa). In addition, as mentioned previously, dust particles are usually

associated with cold cloud ice nucleation rather than warm cloud droplet nucle-

ation which must be at work in the low cloud structure under consideration here.

However, coarse mode dust particles in CAM5 are large enough that droplets can

form on them, in spite of relatively low hygroscopicity (0.068). In addition, the re-

sults from Figure 3.18 suggest that elevated summertime dust concentrations over

the subtropical North Atlantic could potentially promote cloud growth due to their

location above the boundary layer and above the maximum cloud layer. Results

presented in the following sections further suggest that hypothesis C is a likely

explanation for the link between boreal summer North African dust transport and

lower tropospheric cloud growth in CESM 1.0. Hypothesis D will also be explored

by looking at correlations of dust and cloud with a measure of vertical velocity.

3.5.3 Estimated Inversion Strength (EIS) Calculation

To further test hypothesis C, we use model output to calculate Estimated

Inversion Strength (EIS) over the subtropical North Atlantic region for boreal

winter (when downstream North Africa dust concentration is low, and when the

relationship between North African dust and lower tropospheric cloud fraction is
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weak) and boreal summer (when downstream North Africa dust concentration is

high, and when the relationship between North African dust and lower tropospheric

cloud fraction is strong). EIS is a formulation introduced by Wood and Bretherton

(2006) that estimates boundary layer inversion strength, which promotes stratiform

low cloud cover along western continental boundaries around the globe (Myers and

Norris, 2013). Recall that an inversion is defined as a layer in the atmosphere where

dT
dZ

>0. Wood and Bretherton (2006) note that EIS is a superior metric to Lower

Tropospheric Stability (LTS), since it is independent from a region’s background

climatology. The calculation of EIS is summarized below, and derived in Wood

and Bretherton (2006).

EIS is defined as:

EIS = LTS − Γ850
m ∗ (Z700 − ZLCL), (3.3)

where LTS = Θ700 − Θsfc , Γ850
m = moist adiabatic lapse rate centered at

850hPa = Γm(Tavg, 850hPa), Tavg =
(Tsfc+T700)

2
, and ZLCL =

Rd(Tsfc+TLCL)

(2∗go) , ∗ ln( SLP
pLCL

).

Therefore, EIS = EIS(Tsfc, Tdew, T700, Z700, SLP ), where Tdew is the dew

point temperature. All variables but Tdew can be acquired from CAM5 output;

Tdew can be calculated using the Clausius-Clapeyron Equation.

3.5.4 EIS Over the Subtropical North Atlantic During Bo-

real Summer

Figure 3.19 shows 150-year boreal winter and summer averages of estimated

inversion strength (degrees K). Larger values of EIS indicate a stronger inversion

near the boundary layer. Indeed, the largest values of EIS are found downstream of

North Africa during boreal summer, and are co-located with regions of maximum

dust transport near 700hPa and maximum cloud fraction near 900hPa.
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Figure 3.19: One hundred fifty year boreal winter and summer averages of CAM5
estimated inversion strength (K).

3.5.5 Composites of EIS on Most Dusty and Least Dusty

Summers Downstream of North Africa

Figures 3.17, 3.18, and 3.19 suggest that dust may be acting to increase

EIS downstream of North Africa by cooling the boundary layer and/or heating the

atmosphere near 700hPa. However, it is still possible that the relationship between

dust burden and lower tropospheric cloud fraction is coincidentally caused by the

same underlying dynamics in the atmosphere. In addition, increased EIS during
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boreal summer could be a result of increased lower tropospheric cloud fraction

alone, independent of North African dust. Figure 3.20 further investigates this

relationship by showing composites of EIS, averaged on the five most dusty (left)

and five least dusty (middle) boreal summers over the downstream North Africa

region. The right panel shows the difference between the left and middle plots,

and indicates that EIS increases by up to 20% in some regions on extremely dusty

summers downstream of North Africa. This result suggests that the dust-low

cloud relationship in this region is driven primarily by a semi-direct dynamical

effect rather than cloud microphysics, since both solar absorption and reflection

by dust near 700hPa promote increased inversion strength. But again, it is likely

the semi-direct effect is overestimated by CESM.
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Figure 3.20: One hundred fifty year boreal summer averages of CAM5 estimated
inversion strength (K) on the five most dusty downstream North African seasons
(left), five least dusty seasons (middle), and the difference between the top and
bottom five seasons (right).

3.5.6 Relationship of Downstream North Africa Dust Bur-

den and Lower Tropospheric Cloud Fraction to Ver-

tical Velocity

Hypothesis D states that the correlation shown in Figure 3.16 is driven by

the response of both dust and cloud to an external meteorological factor, such
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as vertical velocity. Figure 3.21 explores these relationships by showing Pearson

correlations of boreal summer downstream North Africa dust burden anomalies

with 700hPa ω = dp
dt

anomalies (top panel) and boreal summer downstream North

Africa lower tropospheric cloud fraction anomalies with 700hPa ω anomalies (bot-

tom panel). Hatched regions indicate areas where the true correlation is not equal

to zero at the 95% confidence level, computed using a two sample t-test. As shown

in Figure 3.16, the area from around 20N to 30N, -40W to -20W is where boreal

summer dust and low cloud anomalies were most strongly correlated.

In the top panel of Figure 3.21, values in this region are weakly to moder-

ately negative, indicating that increased values of downstream North Africa low

cloud anomalies are associated with decreased values of 700hPa ω anomalies, which

means weaker subsidence. Note that the mean 700hPa ω field in this region is

strongly positive due to large-scale subsidence associated with the descending

branch of the Hadley Cell circulation. Myers and Norris (2013) showed obser-

vational evidence suggesting that enhanced subsidence reduces subtropical marine

boundary layer cloudiness, which is consistent with the sign of the correlation in

the top panel of Figure 3.21. In the bottom panel, values in this region are strongly

negative, indicating that increased values of downstream North Africa dust burden

anomalies are associated with decreased values of 700hPa ω anomalies, which also

means weakened subsidence. Figures 3.8 and 3.9 showed that in this region, boreal

summer dust concentration is maximum around 700hPa.

While we have shown evidence that dust increases inversion strength and

therefore enhances lower tropospheric cloud fraction (hypothesis C), it is difficult

to evaluate hypothesis D without a complementary CAM5 simulation that does

not include the interactive dynamical and radiative effects of dust in the atmo-

sphere. In addition, calculation of heat and moisture budgets using monthly data

is insufficient to demonstrate that the presence of dust is weakening subsidence

and therefore promoting lower tropospheric cloud growth. This hypothesis will

be explored in future studies using daily or sub-daily data, with a comparison

to a prescribed aerosol CAM5 simulation to further examine the relationship be-

tween weakened subsidence, increased dust burden, and increased cloud fraction



67

−60 −20 0 20 40
−20

−10

0

10

20

30

40

COR: dwnstm N. Africa CLDLOW, 700hPa OMEGA

longitude
la

tit
ud

e

 −0.4 

 −0.2 

 −
0.

2 

 −0.2 

 0.2 

 0.2 

 0.2 
 0.2 

 0
.2

 

−0.6−0.4−0.2 0 0.2 0.4 0.6

−60 −20 0 20 40
−20

−10

0

10

20

30

40

COR: dwnstm N. Africa BURDENDUST, 700hPa OMEGA

longitude

la
tit

ud
e  −0.6 

 −0.2 

 −0.2 

 −0.2 

 0.2 

 0.2 

 0.2 

 0.2 

 0
.2

 

 0.4 

 0.4 

−0.6−0.4−0.2 0 0.2 0.4 0.6

Figure 3.21: Pearson correlations of average boreal summer CAM5 downstream
North African lower tropospheric cloud fraction and 700hPa omega anomalies (top)
and downstream North African dust burden and 700hPa omega anomalies (bot-
tom). Gray hatches indicate regions where there is 95% confidence that the true
correlation is not equal to zero, using a two-sample t test.

anomalies.

3.6 Summary

In this study, we used a 150-year pre-industrial CESM 1.0 simulation to

investigate the seasonal cycle of dust burden and transport, circulation, and lower
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tropospheric cloud fraction over North Africa and the subtropical North Atlantic,

and employed simple statistical techniques and dynamical calculations to explain

the semi-direct mechanism relating boreal summer lower tropospheric transport

of dust downstream of North Africa and lower tropospheric cloud cover over the

eastern subtropical North Atlantic.

The model’s seasonal cycle of aerosol optical depth near Cape Verde is

strong, and is consistent with AERONET observations in this region. The surface

concentration of dust downstream of North Africa at Barbados is also in reason-

able agreement with observations. Aerosol volume size distribution in CAM5 at

Cape Verde peaks at a radius of approximately 2-3µm, which is consistent with

AERONET observations, though the magnitude is too small. Transport of dust

downstream of North Africa is strongest during boreal summer, in association with

the formation of the downward flank of the African easterly jet forms and persists

into the fall. Vertical profiles of dust concentration and cloud fraction over the

subtropical North Atlantic show that in the summer, the maximum dust concen-

tration is near 700hPa, while the maximum cloud fraction is near 900hPa. Koch

and Del Genio (2010) note that this is a favorable vertical setup for absorbing

aerosols to stabilize the atmosphere below and enhance lower tropospheric strati-

form clouds. In addition, during boreal spring and especially during boreal sum-

mer, lower tropospheric cloud fraction and dust burden are moderately to strongly

correlated downstream of North Africa. Solar heating rate increases during boreal

summer near the location of maximum dust around 700hPa, which increases inver-

sion strength and promotes lower tropospheric cloud growth. Modeled EIS values

increase by up to 60% during boreal summer over this region, indicating that lower

tropospheric cloud growth there is caused by increased inversion strength in the

boundary layer that appear to be related to increased dust transport off the North

African coast. We also show that EIS increases by up to 20% during summers

where dust burden downstream of North Africa is very high.
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3.7 Discussion

Our results provide insight into effects of transported dust on warm phase

low cloud growth and help further elucidate the complex relationships between dust

emission, regional meteorology, and aerosol-cloud interactions over the subtropi-

cal North Atlantic, downstream of continental high source regions. Transported

North African dust and lower tropospheric North Atlantic cloud variations from

the 150 year CESM simulation are obtained using a model with a realistic seasonal

cycle of dust and African easterly jet formation and improved parameterization of

cloud microphysics (Gettelman et al., 2008; Gent et al., 2011; Neale et al., 2013).

The analyses from the simulation strongly suggest that African dust and low cloud

cover over the eastern North Atlantic are dynamically linked, and that transported

African dust is enhancing lower tropospheric cloud cover over the open ocean via

a semi-direct mechanism (Koch and Del Genio, 2010) that is likely overestimated

due to the assume dust refractive index, which accentuates the sensitivity of such

a modeling study to the absorptive properties of dust in the model used. The sum-

mertime transport of dust in the lower troposphere over the open ocean in CESM

is consistent with observational studies that have investigated the mechanisms con-

trolling the vertical structure of dust near the Saharan Planetary Boundary Layer

(Cuesta et al., 2009; Knippertz and Todd, 2012). Specifically, Figure 3.9 shows that

during summer, there is a large relative increase in dust concentration above the

boundary layer downstream of high source regions associated with the transport of

dust by the lower tropospheric easterlies in the Saharan Air Layer. Our results also

provide valuable insight on the long-term behavior of North African dust trans-

port and its impact on lower tropospheric cloud growth, which is important due to

the multi-year variability of North African boreal summer dust transport in CESM

(not shown). In spite of the strong evidence for a semi-direct mechanism presented

in this work, other factors are likely to contribute to the increase in EIS over the

subtropical North Atlantic during boreal summer, including warm air advection

of the Saharan Air Layer in the mid troposphere and ocean upwelling associated

with the Canary Current, and should be explored further in future studies.

In complement to additional field measurements, further investigation of
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these relationships could prove useful using different global climate model simula-

tions with realistic atmospheric models to represent the behavior of dust and low

clouds in this region. One caveat in using global climate models to investigate

aerosol-cloud interactions is that each model parameterizes both clouds and min-

eral dust emission and optical properties differently and often does so at coarse

vertical resolution. It is for this reason that we encourage examination of these

interactions using a variety of climate models with different representations of

stratiform clouds and different dust emission models. A particularly useful exten-

sion of our work is to analyze daily variables in order to diagnose the dust-cloud

interactions over the spring and summer in this region, which will be explored in

future studies.
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Chapter 4

Interannual modulation of

subtropical Atlantic boreal

summer dust variability by ENSO

Dust variability in the climate system has been studied for several decades,

yet there remains an incomplete understanding of the dynamical mechanisms con-

trolling interannual and decadal variations in dust transport. The sparseness of

multi-year observational datasets has limited our understanding of the relation-

ship between climate variations and atmospheric dust. We use available in situ

and satellite observations of dust and a century-length fully coupled Community

Earth System Model (CESM) simulation to show that the El Nino-Southern Os-

cillation (ENSO) exerts a control on North African dust transport during boreal

summer. In CESM, this relationship is stronger over the dusty tropical North

Atlantic than near Barbados, one of the few sites having a multi-decadal observed

record. During strong La Nina summers in CESM, a statistically significant in-

crease in lower tropospheric easterly wind is associated with an increase in North

African dust transport over the Atlantic. Barbados dust and Pacific SST variabil-

ity are only weakly correlated in both observations and CESM, suggesting that

other processes are controlling the cross-basin variability of dust. We also use

our CESM simulation to show that the relationship between downstream North

African dust transport and ENSO fluctuates on multidecadal timescales and is

72
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associated with a phase shift in the North Atlantic Oscillation (NAO). Our find-

ings indicate that existing observations of dust over the tropical North Atlantic

are not extensive enough to completely describe the variability of dust and dust

transport, and demonstrate the importance of global models to supplement and

interpret observational records.

4.1 Introduction

The effects of aerosols on clouds, radiation, and atmospheric circulation

operate locally on the order of days and weeks, yet can exert a global effect on

climate over larger and longer spatiotemporal scales. In particular, mineral dust

advected off the North African coast has been shown to modify stratocumulus cloud

properties, fertilize minerals over the open ocean, and discourage the formation of

North Atlantic tropical cyclones (DeFlorio et al., 2014; Doherty and Evan, 2014;

Mahowald et al., 2010; Evan et al., 2006a). Changes in local surface convergence

impacting dust emission, wet and dry deposition removal rates and subsequent

impacts on biogeochemistry, and Sahel desert precipitation are known to influence

the variability of mineral dust in the atmosphere, both over the continent and

the open ocean (Marticorena and Bergametti, 1995; Doherty et al., 2014; Erickson

et al., 2003; Prospero, 1999; Prospero and Nees, 1977).

Recently, uncertainties in the parameters controlling dust emission have

been reduced due to increased frequency of ground and aircraft based measure-

ments, improved detection and retrieval of atmospheric dust particles through

satellite measurements, and novel theoretical techniques resolving emitted dust

size distributions (Washington et al., 2006; Heintzenberg, 2009; Koffi et al., 2012;

Evan et al., 2006a,c; Kok, 2011). However, our understanding of large-scale controls

on dust transport and variability remains incomplete. Previous studies examin-

ing the variability of North African dust on interannual and decadal timescales

have been hindered by limited record length of observations, but have neverthe-

less yielded important insights. Mahowald and Kiehl (2003) combined in-situ and

satellite observations with an implementation of the DEAD dust module (Zender
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et al., 2003) inside a chemical transport model to examine the global variation

of column dust burden associated with two indices of large-scale climate fluctua-

tions: the Nino 3.4 index (sea surface temperature anomalies averaged over 120W

to 170W, 5S to 5N) and the Pacific Decadal Oscillation (PDO) index (the leading

principal component of sea surface temperature anomalies in the region 110E to

100W, 20N to 65N; Mantua et al. (1997)). They found only tenuous relationships

between dust and these coupled climate modes, possibly because of the limited

record length. Specific to North African dust, Evan et al. (2006b) correlated win-

tertime North African dust to various climate indices using the Advanced Very

High Resolution Radiometer (AVHRR) satellite dust climatology. They showed

that wintertime dust fraction over the tropical Atlantic between -30W and -10W

was moderately correlated with the Nino 3.4 index, and that lag correlations be-

tween Nino 3.4 and dust fraction (ENSO leading dust events) were not as strong

as the winter-to-winter correlation of these two variables. These results were gen-

erally consistent with the conclusions drawn from Prospero and Lamb (2003), who

analyzed interannual variability of the Barbados dust dataset.

Other studies have suggested links between North African dust transport

and other coupled climate modes, including the North Atlantic Oscillation (NAO)

(Moulin et al., 1997; Ginoux et al., 2004) and the Atlantic Multidecadal Oscilla-

tion (AMO) (Evan et al., 2011). Chiapello et al. (2005) used the TOMS/Nimbus-7

and TOMS/Earth Probe satellite datasets to show that the influence of the NAO

dominates winter export of dust to the eastern subtropical Atlantic. Riemer et al.

(2006) implemented a ”Centers Of Action” approach to show that fluctuations in

the strength of the Azores High, and not the NAO, explained the highest percent-

age of wintertime variance in tropical and subtropical North Atlantic atmospheric

dust concentration. Doherty et al. (2008) found that the relationship between

the NAO and mineral dust observed in winter is non-existent during the summer.

Wang et al. (2012) used a proxy-derived dataset of dust aerosol optical depth over

the tropical North Atlantic to suggest a feedback between the AMO and tropical

North Atlantic dust that operates through variations in Sahel rainfall. Doherty

et al. (2014) focused on boreal summer variations in North African dust concen-
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tration and showed that variations in the West African Convergence Zone (WACZ)

partially control dust emission and transport westward towards the Caribbean.

Our work builds on these previous studies by characterizing variability of

North African dust transport on interannual and decadal timescales using a fully-

coupled GCM simulation with realistic ENSO variability (Deser et al., 2012) and

a reasonable seasonal cycle of North African dust burden (DeFlorio et al., 2014).

As noted in Wang et al. (2012), the CESM study was not possible using the pre-

vious generation of coupled climate models included in the Coupled Model Inter-

comparison Project 3 (CMIP3) because aerosol concentrations and emissions were

prescribed (Ghan and Schwartz, 2007). However, the new generation of CMIP5

models enables dynamical processes to influence dust concentrations and emissions.

This greatly enhances the value of using such models to study aerosol-climate in-

teractions, provided the relevant physical processes are represented realistically

(and interactively) in the model of choice; Evan et al. (2014) showed that his-

torical simulations of CMIP5 models (including CESM) tend to underestimate

dust production over North Africa. However, DeFlorio et al. (2014) showed that

CESM represented quite well the Atlantic dust seasonal cycle and its relative nat-

ural variability on monthly to interannual time scales. Improving our fundamental

understanding of the physical relationships between climate modes and dust in

coupled climate models should improve our interpretations of climate projections,

and can also be used to inform seasonal predictions of tropical cyclones over the

tropical North Atlantic, which are influenced by North African dust outbreaks

(Evan et al., 2006a).

Instead of choosing a mode of climate variability a priori to relate to dust

transport and variability, we first examine the relationship between dust anomalies

over the tropical North Atlantic and global SST anomalies during boreal summer.

We are interested in boreal summer because it is the season with the largest dust

outbreaks over the tropical North Atlantic. These outbreaks have the greatest

potential to affect regional radiation budgets, and it has been shown that they can

subsequently discourage the formation of tropical cyclones (Evan et al., 2006a).
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4.2 Data

4.2.1 Model and observational datasets

Our primary dataset in this study is a 150-year pre-industrial control global

coupled climate model simulation. We ran this simulation using CESM 1.0.3 with

interactive dust emission and transport, which allows dust as well as other com-

ponents of the aerosol to affect radiative budgets and cloud properties at each

timestep (Hurrell et al., 2013). The treatment of aerosol size distribution is tri-

modal, as described in Liu et al. (2012). The simulation was run at a horizontal

resolution of 2.5◦ (longitude (lon)) x 1.9◦ (latitude (lat)). The Dust Entrainment

and Deposition Model (Zender et al., 2003) emits dust in both accumulation (0.1-

1µm) and coarse (1-10 µm) modes. Dust is assumed to be internally mixed with

the other components in each mode (see Table 1 of DeFlorio et al. (2014) for a

list of all aerosol species included in this CESM simulation, partitioned by mode).

DeFlorio et al. (2014) explored natural variability of dust-climate interactions and

evaluated the CESM simulation’s representation of aerosol optical depth and size

distribution near Cape Verde and aerosol optical depth and concentration near

Barbados. They found realistic representations of the seasonal cycles and coherent

fluctuations of these variables that were associated with regional monthly circula-

tion anomalies extending from Africa into the subtropical North Atlantic.

One drawback of our CESM simulation is that dust emission parameteri-

zation is empirically tuned to reproduce observations (Ginoux et al., 2001; Zender

et al., 2003). Dust emissions in our simulation do depend on wind speed and

soil moisture, which provide mechanisms for feedbacks with meteorology. How-

ever, Kok et al. (2014b) showed that models that use this type of emission pa-

rameterization tend to underestimate the sensitivity of vertical dust flux to the

soil’s threshold friction velocity, and therefore underestimate the global dust cy-

cle sensitivity. In their companion paper (Kok et al., 2014a), they implemented

a new physically-based emission parameterization scheme which shifted emissions

towards the world’s most erodible regions and improved CESM’s overall represen-

tation of dust emission. Consequently, dust emissions in our model simulation are
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not as realistic as those produced by a model with the newer physically-based dust

emission parameterization.

We also use 44 years of monthly mean dust concentration recorded at Bar-

bados from 1965 to 2008 (Prospero and Lamb, 2003). This is the world’s longest

continuous record of in-situ dust concentration.

To evaluate the model’s simulation of dust over the tropical North Atlantic,

we use a dataset derived from the Advanced Very High Resolution Radiometer

(AVHRR) instrument, which provides estimates of dust Aerosol Optical Depth

(dust AOD). This dataset is available over the tropical North Atlantic Ocean (-65W

to -10W, 0N to 30N) from January 1982 to May 2010 at 1◦ horizontal resolution.

Evan et al. (2006b) calibrated this dataset to distinguish between optically thick

dust and optically thick cloud over ocean surfaces. One limitation of using this

dataset to examine interannual variability of dust is that it only spans 28 years,

and therefore only contains approximately 7-8 ENSO events. The CESM model

simulation has the advantage of spanning 150 years.

4.2.2 Dust variables used in this study

Three different dust variables are analyzed in this study: a) atmospheric

surface concentration (µg/m3), b) dust aerosol optical depth (dust AOD), and

c) total atmospheric dust burden (kg/m2). Concentrations are used for model

comparison to the Barbados dust dataset, since those observations measure dust

concentration in the surface atmospheric layer. Dust AOD is used for model com-

parison to the tropical North Atlantic AVHRR dataset. Dust burden is defined

as vertically integrated dust concentration and is used to examine the response of

changes in atmospheric dust to changes in circulation associated with ENSO.

4.3 Observed dust concentration at Barbados

The time series of monthly mean dust concentration at Barbados (Figure

4.1; adapted from Prospero and Lamb (2003)) is perhaps the most widely used

observational dataset of dust, and for good reason. It is one of only two in-
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situ dust datasets extending more than 40 years (the other is located at Miami,

and is also maintained by the University of Miami’s Rosenstiel School of Marine

and Atmospheric Science), and a high percentage of the record is continuous.

There are very few other available observations that adequately record interannual

and decadal changes in atmospheric dust (e.g. Evan and Mukhopadhyay (2010)).

Consequently, it is important to understand how the low frequency variability seen

in the remote Barbados dataset relates to variability in dust transport originating

upstream over North Africa.
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Figure 4.1: Observed monthly dust concentration (µg/m3) at Barbados, Jan-
uary 1965 - December 2008. Filled dots denote June-July-August (JJA) months.
Adapted from Prospero and Lamb (2003).

There is strong year-to-year variability in boreal summer (JJA) dust con-
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centration anomalies (µg/m3; long term monthly mean subtracted, then seasonally

averaged) at the Barbados site (Figure 4.2). Maximum negative values occurred

in the late 1960’s, and maximum positive values occurred in the early 1980’s.
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Figure 4.2: Observed JJA dust concentration anomalies (µg/m3) at Barbados,
January 1965 - December 2008.

Prospero and Lamb (2003) qualitatively suggested that many of the large

dust outbreaks seen in the Barbados dataset might be related to the same-season

or previous-season ENSO phase. Figure 4.3 explores this suggestion by regressing

the JJA Multivariate ENSO Index (MEI) onto JJA dust concentration anoma-

lies at Barbados. The MEI is defined as the leading principal component of the

combined fields of sea level pressure, horizontal surface wind, sea surface tem-

perature, surface air temperature, and cloud fraction. Positive MEI values are
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associated with El Nino-like conditions in the eastern tropical Pacific (weakened

westerly winds, increased sea surface temperature, and increased cloud fraction)

and negative MEI values are associated with La Nina-like conditions in this region

(strengthened westerly winds, decreased sea surface temperature, and decreased

cloud fraction) (Wolter and Timlin, 1998).
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Figure 4.3: Scatterplot of JJA standardized multivariate ENSO Index and JJA
Barbados dust concentration anomalies, January 1965 - December 2008.

The correlation between the two time series is 0.20, and no physically mean-

ingful relationship is evident in this plot. A similarly weak correlation is seen in

various lag-correlations of the two time series, and in the regression of the PDO in-

dex (Mantua et al., 1997) onto JJA Barbados dust burden anomalies (not shown).

Doherty et al. (2014) found similarly weak correlations ranging from -0.02 to 0.24
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between Barbados dust concentration and various indices of ENSO.

4.4 Relating boreal summer tropical SST vari-

ability to North African dust

4.4.1 Interannual variability of atmospheric dust at Bar-

bados

Figure 4.3 suggests that observed boreal summer dust concentration anoma-

lies at Barbados are only weakly related to anomalous tropical Pacific SST vari-

ability. However, long-term observations of dust are essentially limited to this

point-station dataset. Using our CESM simulation, which contains realistic ENSO

variability (Deser et al., 2012) and a correctly timed seasonal cycle of atmospheric

dust at Barbados (DeFlorio et al., 2014), what can we learn about the relationship

of atmospheric dust anomalies to the major coupled-ocean atmosphere modes that

drive interannual to decadal climate variability of many atmospheric variables?

The leading principal component of JJA tropical Pacific SST anomalies

(”leading ENSO PC”) is uncorrelated to JJA Barbados surface dust concentration

anomalies (µg/m3) in CESM (Figure 4.4; R = -0.04). The weak relationship

found here is consistent with section 3 in Doherty et al. (2014) (Table 3), finding

that the correlation of observed Barbados dust with ENSO can vary from weakly

positive (Rmax = 0.24) to weakly negative (Rmin = −0.02) depending on the ENSO

index used. In Figure 4.5 we examine the spatial structure of the relationship

between CESM dust burden anomalies near Barbados and SST anomalies around

the globe, which shows the point-by-point correlation of global JJA SST anomalies

(3-dimensional) with JJA Barbados surface dust concentration anomalies over the

entire 150-year simulation. There are only weakly negative correlation values over

the central and eastern tropical Pacific, reinforcing other analyses indicating that

tropical Pacific SST variability is not related to fluctuations in atmospheric dust

at Barbados (see Figures 4.3-4.4). Moderate negative correlations are found with

SST anomalies upstream of Barbados over the central tropical North Atlantic.
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This is likely due to a combined effect of cooling of SSTs associated with large

dust outbreaks (radiative effect) and increased ocean-to-atmosphere latent and

sensible heat fluxes associated with increased trade winds in the southern easterly

branch of the Azores High, which is prevalent during boreal summer over this

region (Doherty et al., 2012).
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Figure 4.4: Scatterplot of JJA standardized leading principal components of
tropical Pacific SST variability and JJA Barbados dust concentration anomalies
in 150-year CESM simulation.

Dust plumes that originate over North Africa must travel across the entire

tropical Atlantic basin before reaching Barbados. Consequently, atmospheric pro-

cesses such as wet and dry deposition, vertical ascent into the upper troposphere,

and cloud seeding can change the signature of dust as it travels westward across



83

0 50 100 150 200 250 300 350

−50

0

50

mon anom cor: JJA TS, Barbados dust

 

 

 −0.4  −0.2 

 −0.2 

 −
0.

2 

 0.2 

 0.2 

 0
.2

 

 0.2 

 0.2 

 0.2 

 0
.2

 

−0.6 −0.4 −0.2 0 0.2 0.4 0.6

Figure 4.5: Pearson correlation of JJA Barbados dust concentration anomalies
and global surface temperature anomalies in 150-year CESM simulation. Gray
hatches indicate regions where there is 95% confidence that the true correlation is
not equal to zero, using a two-sample t test.

the ocean, away from its continental source in the Sahara-Sahel desert region. Dif-

ferent atmospheric circulation patterns far from emission sources can also change

the spatial structure of dust anomalies. Because of these processes, concentrations

measured at Barbados are not always indicative of source region characteristics

(Prospero and Mayol-Bracero, 2013; Engelstaedter et al., 2009). Given this and

our goal of understanding low frequency variability of North African dust in the

climate system, it is useful to characterize the low frequency variability of atmo-

spheric dust anomalies closer to the source of emission. To do so, we will use

AVHRR satellite-derived observations in conjunction with the model simulation
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to try to learn more about the relationship of interannual and decadal variability

of North African dust anomalies to the major modes of global climate.

4.4.2 Interannual variability of atmospheric dust close to

North African source regions

The raw and detrended time series of JJA dust AOD monthly anomalies

from AVHRR downstream of North Africa (-40W to -20W, 15N to 25N) are shown

in Figure 4.6. Interannual variations of dust AOD are present over this region, and

a downward trend of dust AOD anomalies has been observed since 1982. Figure

4.7 shows the regression of the JJA MEI onto detrended JJA dust AOD anomalies

over downstream North Africa. The correlation between the two time series is

-0.23, suggesting a weak association between anomalously dusty summers and cool

tropical Pacific SST anomalies over this region.

We now compare the observed interannual variability of dust anomalies

over the tropical North Atlantic to our CESM simulation. Several interesting fea-

tures exist in the 150-year model time series of area-averaged JJA downstream

North Africa dust AOD anomalies, which is shown in Figure 4.8. Most impor-

tantly, strong interannual variations in dust AOD anomalies in this region exist.

Discernable interannual variability can also be seen in observed dust concentra-

tion anomalies at Barbados (Figure 4.2), but Figure 4.3 and previous work both

show that those summertime fluctuations are not strongly correlated to ENSO. In

addition, the magnitude of boreal summer dust AOD anomalies in CESM is simi-

lar to observations (Figure 4.6). The correlation between the JJA leading ENSO

principal component and JJA dust AOD anomalies over downstream North Africa

is -0.63 (Figure 4.9), which is considerably higher than observed. However, the

CESM simulation (150 years) is over five times as long as the AVHRR dataset (28

years).

The correlation between JJA downstream North Africa dust burden anoma-

lies and simultaneous global SST anomalies shows a robust signature of tropical

Pacific influences (Figure 4.10). Similar to the results obtained for Barbados dust

in Figure 4.5, the correlation map for dust anomalies west of Africa is strongly neg-
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Figure 4.6: JJA downstream North Africa (-40W to -20W, 15N to 25N) dust
aerosol optical depth (AOD) anomalies (top) and detrended dust AOD anoma-
lies (bottom), January 1982 - December 2008. Data were derived from satellite
estimates described in Evan et al. (2006c).

ative over the tropical North Atlantic, meaning that surface temperature anomalies

are negative when dust concentrations are higher, indicating that under these con-

ditions, more dust is blown off the African continent. However, a much different

spatial structure from the Barbados map is found over the Pacific basin. For the

anomalies west of Africa, large negative values are present in the central and trop-

ical Pacific, very similar to the anomalous SST structure associated with strong

ENSO events. Negative values in this region in Figure 4.10 indicate that anoma-

lously strong JJA dust outbreaks downstream of North Africa over the tropical

North Atlantic occur during anomalously cool SST summers over the central and
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Figure 4.7: Scatterplot of JJA standardized multivariate ENSO Index and JJA
detrended downstream North Africa dust AOD anomalies, January 1982 - Decem-
ber 2008.

eastern tropical Pacific. There is also structure of the correlation map over the

North Pacific basin that is reminiscent of the Pacific Decadal Oscillation. These

results suggest a relationship in CESM between anomalous Pacific SST variabil-

ity and North African dust transport during boreal summer that is stronger than

observed, particularly at Barbados, over the late 20th century.

It is important to more precisely quantify the associated timescale of vari-

ability of North African dust anomalies over the tropical North Atlantic. This is a

region of great interest for seasonal forecasting, as it is the genesis region of many

Atlantic hurricanes that form as a result of easterly waves propagating from con-
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JJA dust monthly AOD anomalies: dwnstm N. Af., CESM
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Figure 4.8: JJA downstream North Africa dust AOD anomalies, normalized by
the downstream mean value of raw dust burden over this area.

tinental Africa. Because dust outbreaks discourage tropical cyclone formation due

to cooling of underlying SST (Evan et al., 2006a), associating anomalously dusty

seasons with a more predictable component of the climate system (e.g. ENSO)

has the potential to increase predictability of these related phenomena on shorter

timescales.

We compute a time-evolving metric that encompasses the relationship be-

tween the downstream dust burden anomalies and global surface temperature

anomalies by calculating the pseudo-principal component of boreal summer dust-

surface temperature variability. Here, we define the pseudo-principal component

of boreal summer dust-surface temperature variability as
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Figure 4.9: Scatterplot of JJA standardized leading principal components of trop-
ical Pacific SST variability and JJA downstream North Africa dust AOD anomalies
in 150-year CESM simulation.

Pseudo PC =
1

n

n∑
i=1,j=1

K∑
k=1

Cori,j • TSi,j,k (4.1)

where n = total number of grid cells, K = number of model years, Cor =

spatial pattern of correlations of boreal summer global surface temperature anoma-

lies and downstream North African dust burden anomalies (e.g., Fig. 4.10), and

TS = anomaly field of global surface temperature anomalies for each summer, k.

The pseudo-PC shows how strongly global surface temperature anomalies project

onto the pattern in Fig. 4.10 over time.

Figure 11 shows the boreal summer pseudo principal component time series
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Figure 4.10: Pearson correlation of JJA downstream North Africa (320E-340E,
15N-25N) dust burden anomalies and global surface temperature anomalies in
150-year CESM simulation. Gray hatches indicate regions where there is 95%
confidence that the true correlation is not equal to zero, using a two-sample t test.

(top panel) and its associated power spectrum (bottom panel) with 95% confi-

dence bounds. The power spectrum was computed using a Thomson multita-

per power spectral estimate (Percival and Walden 1993). There is a peak in the

pseudo principal component spectrum around 5 years, with appreciable power in

the decadal and multidecadal bands. This spectral estimate shows that the pseudo-

PC, which mathematically encompasses the relationship between JJA downstream

North African dust burden anomalies and global surface temperature anomalies, is

varying most strongly on interannual timescales. This result is not surprising given

the spatial structure of the correlations over the Pacific basin (Figure 10), but is



90

interesting in that it is consistent with the hypothesis that surface temperature

variability in the Pacific basin could be remotely driving changes in dust burden

anomalies over North Africa on interannual timescales.
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Figure 4.11: Pseudo principal component of JJA global surface temperature and
downstream North African dust anomalies in CESM (top) and associated power
spectrum (bottom, blue) computed using a Thomson multitaper power spectral
estimate. The spectrum is bounded by 95% confidence limits (red).

4.4.3 Composites of mineral dust and circulation on strong

ENSO seasons

Composites of raw values of dust burden, surface zonal wind, and 700hPa

zonal wind, averaged on the top 10% La Nina seasons (top panels) and the top 10%

El Nino seasons (middle panels) are shown in Figures 4.12-4.14. The percentiles

were defined using the leading principal component time series of tropical Pacific

SST anomalies (Supplementary Figures 4.20-4.21). The bottom panel is the top
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panel minus the middle panel. DeFlorio et al. (2014) showed that maximum boreal

summer dust concentration over the open ocean is simulated around 700hPa in

CESM, which is why we calculate zonal wind at the 700hPa level here. These

three figures show that on strong La Nina seasons, downstream North African

dust burden values in CESM increase due to statistically significant increases in

lower tropospheric easterly wind. A similar qualitative picture emerges for decadal

variability of dust transport, but the magnitude of the effect is smaller than for

interannual variability (Supplementary Figures 4.24-4.26).
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Figure 4.12: Composite of JJA dust burden (kg/m2) on top 10% La Nina seasons
(top) and top 10% El Nino seasons (middle) in CESM. The bottom panel is the
top panel minus the middle panel. Gray hatches indicate regions where there is
95% confidence that the true correlation is not equal to zero, using a two-sample
t test.
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Figure 4.13: As in Fig. 4.12, but for surface zonal wind.

4.5 Modulation of ENSO-North African dust re-

lationship on decadal timescales

The importance of the differing record lengths for observations and CESM

is explored in Figure 4.15, which shows a 28-year sliding correlation of the JJA

leading ENSO principal component and JJA dust AOD anomalies over downstream

North Africa. The window length is chosen to be 28 years in order to match the

length of the AVHRR dataset. The correlation coefficients range from -0.34 to

-0.77, which demonstrates the sensitivity of the ENSO-dust regression to record

length. This figure suggests that existing observations over the tropical North



93

−50 0 50 100
0

10
20
30
40
50

JJA U(700hpa) on top 10 % La Nina

 −2 

 −2  −2 

 2 

 2 

 2 

 2 

 2 

 0 

 0 

 0 

−10 −5 0 5 10

−50 0 50 100
0

10
20
30
40
50

JJA U(700hpa) on top 10 % El Nino

 −2 
 2 

 2 

 2  2 

 2 

 2 

 0 

 0 

−10 −5 0 5 10

−50 0 50 100
0

10
20
30
40
50

JJA U(700hpa) on top 10 % La Nina minus top 10% El Nino

 −2  −2  −2 
 2  0 

 0 

 0 

−2 −1 0 1 2

Figure 4.14: As in Fig. 4.13, but for 700hPa zonal wind.

Atlantic are not extensive enough to characterize the varying relationship between

tropical Pacific SST variability and North African dust.

Sea level pressure (SLP) and 700 hPa zonal wind composites on the most

and least negative ENSO-dust sliding correlation periods are shown in Figure 4.16.

The composites are calculated as an average of top 10% most negative and top 10%

least negative sliding correlation periods from Figure 4.15 (<-0.730 and >-0.435,

respectively). The spatial structure of both SLP and lower tropospheric zonal

wind anomalies are distinctly reminiscent of variability associated with the North

Atlantic Oscillation (NAO). In addition, the 28-year sliding correlation of ENSO

and downstream North African dust appears to be roughly out of phase with the 28-

year running mean of the NAO index in CESM (Figure 4.17; R ∼ 0.54). Previous
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Figure 4.15: 28-year sliding correlation of JJA standardized leading principal
components of tropical Pacific SST variability and JJA downstream North Africa
dust AOD anomalies in CESM.

studies (e.g. Riemer et al. (2006)) have found no relationship between the NAO

and North African dust variability during boreal summer, and the relationship

between the JJA NAO index (which we define as the difference between monthly

anomaly SLP values near Azores and Iceland) and downstream North Africa dust

anomalies is weak in CESM (R ∼ 0.16). However, Figures 4.16 and 4.17 provide

evidence in our model simulation that the NAO may be destructing the Pacific

SST-North African dust relationship on decadal timescales.

The boreal summer NAO index is more strongly correlated to downstream

North Africa dust AOD anomalies during the least negative ENSO-dust sliding cor-
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Figure 4.16: Composite of JJA sea level pressure monthly anomalies (left column)
and 700hPa zonal wind anomalies (right column) on the most negative (top row)
and least negative (bottom row) sliding correlation periods in CESM, determined
from Fig. 4.15.

relation periods (Figure 4.18, top panel), but the relationship between the NAO

index and lower tropospheric zonal wind during these periods is quite weak (Figure

4.18, bottom panel). We conclude that the NAO modulation of North African dust

variability manifests itself via other atmospheric processes in the North African

region. In addition, ENSO variability is larger during the most negative sliding

correlation periods (Figure 4.19), suggesting that fluctuations in the strength of

ENSO on decadal timescales may also be modulating the relationship between Pa-

cific SST variability and North African dust. However, the regression shown in the

top right panel of Figure 4.19 is very similar even after removing the anomalously
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Figure 4.17: As in Fig. 4.15, but with JJA NAO index 28-year running mean
(black line).

strong ENSO events (not shown), which weakens this hypothesis.

4.6 Conclusions and Discussion

In this study, we used a 150-year preindustrial control CESM 1.0 simula-

tion, which complements existing observations of mineral dust at Barbados and

over the tropical North Atlantic, to show that boreal summer dust variability over

the eastern tropical North Atlantic may be strongly influenced by tropical and

North Pacific SST variability. This influence manifests itself through changes in

lower tropospheric atmospheric circulation patterns over the North African conti-
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Figure 4.18: Scatterplot of JJA NAO index and JJA downstream North Africa
dust AOD anomalies (top row) and 700hPa zonal wind anomalies (bottom row)
on the most negative (left column) and least negative (right column) sliding cor-
relation periods in CESM.

nent (Figures 4.12-4.14) that are reminiscent of a Walker Cell teleconnection. The

relationship between Pacific SST variability and North African dust fluctuates on

decadal to multidecadal timescales in CESM, and we show that this fluctuation

is strongly associated with North Atlantic SST variability. We also show that

observations of dust at Barbados are weakly correlated with observations of Pa-

cific basin SST variability, and that the correlation is of opposite sign as observed

dust AOD anomalies and Pacific basin SST variability over the tropical North At-

lantic, downstream of North Africa. This suggests that other atmospheric processes

and/or coupled-ocean atmosphere interactions are dominant in characterizing the
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Figure 4.19: Scatterplot of JJA standardized leading principal components of
tropical Pacific SST variability and JJA downstream North Africa dust AOD
anomalies (top row) and 700hPa zonal wind anomalies (bottom row) on the most
negative (left column) and least negative (right column) sliding correlation periods
in CESM.

cross-basin variability of dust.

This work adds to previous studies that have demonstrated the complex

response of atmospheric dust to perturbations in the climate system. It is impor-

tant for future studies to better understand the relationship of the results here

to recently published work which shows that a statistically significant portion of

variability in dust concentrations at Barbados can be explained by fluctuations in

the West African Convergence Zone (Doherty et al., 2014).

One caveat of our work is that we use a CESM preindustrial control simu-
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lation, but observations of dust at Barbados and over the tropical North Atlantic

could reflect anthropogenic contributions to dust variability such as agricultural

practices. Ginoux et al. (2012) estimate that up to 8% of North African dust emis-

sions are anthropogenic, mostly due to land use changes in the Sahel region. In

addition, late 20th century historical CMIP5 simulations have elucidated errors in

the representation of dust emissions and interannual variability (Evan et al., 2014).

Future studies are needed to explore the implications for seasonal pre-

dictability implied by the relationships found here between North African dust

transport and tropical Pacific SST variability. ENSO is the dominant coupled-

ocean atmosphere energetic component of the climate system, and because statis-

tical and dynamical models have demonstrated some skill in predicting tropical Pa-

cific SST interannual variability some months ahead (e.g. Barnston et al. (2012)),

there may be potential to improve predictability of North African dust transport

on similar timescales. This could subsequently lead to more skillful forecasts of

the initiation of tropical cyclones over the eastern tropical Atlantic on seasonal

timescales. Our work also suggests that we may learn more about the interaction

of climate modes and North African dust variability in the coming decades, when

our existing network of observations from both in situ measurements and satellite

products becomes more extensive.

North African dust varies on timescales of seconds to millennia, and the

characteristics of this variability depend critically on season, local conditions, and

remote ocean-atmosphere teleconnection patterns. Because of sparsely available

observations, the hybrid observational-modeling approach employed in this study

is a useful and necessary tool for increasing our understanding of dust variability

on long timescales.
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4.8 Supplementary Figures

150 200 250

−20

−10

0

10

20

Leading EOF of JJA trop Pac SST anom (48% var)

 

 

−1 −0.5 0 0.5 1

 −
0.2 

 −
0.

2 

 −0.2 

 −0.2 

 −0.2 

 −0.2 

 0.2 
 0.2 

 0.4 

 0.4 

 0.6 

 0.8 
 1 

 1.2 
 1.4 

Figure 4.20: Leading EOF of JJA tropical Pacific (110E to 280E, 30S to 30N)
SST anomalies in CESM. The values are normalized such that the EOF is in
degrees C per standard deviation of the associated principal component shown in
Figure 4.21.
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Figure 4.21: Leading standardized principal component of JJA tropical Pacific
SST anomalies in CESM (top) and associated power spectrum (bottom, blue),
computed using a Thomson multitaper power spectral estimate. The spectrum is
bounded by 95% confidence limits (red).
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Figure 4.22: Leading EOF of JJA North Pacific (110E to 260E, 20N to 65N) SST
anomalies in CESM. The values are normalized such that the EOF is in degrees
C per standard deviation of the associated principal component shown in Figure
4.23.
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Figure 4.23: Leading standardized principal component of JJA North Pacific
SST anomalies in CESM (top) and associated power spectrum (bottom, blue).
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Figure 4.24: Composite of JJA dust burden (kg/m2) on bottom 10% PDO sea-
sons (top) and top 10% PDO seasons (middle) in CESM. The bottom panel is
the top panel minus the middle panel. Grey hatches in the bottom panel indicate
regions where there is 95% confidence that the true difference between the two
samples is not zero, using a two-sample t test.



106

−50 0 50 100
0

10
20
30
40
50

JJA U(sfc) on bot 10 % PDO

 −2 
 −2 

 −2 

 2 

 2  2 

 2 
 2 

 0 

 0 

 0 

 0 
 0 

 0 

 0 
 0 

 0 

 0 

−10 −5 0 5 10

−50 0 50 100
0

10
20
30
40
50

JJA U(sfc) on top 10 % PDO

 −2  −2 

 −2 

 −2 

 2 

 2 
 2 

 2 

 2 

 2 
 0 

 0 

 0 

 0 
 0 

 0 

 0 

−10 −5 0 5 10

−50 0 50 100
0

10
20
30
40
50

JJA U(sfc) on bot 10% PDO minus top 10% PDO

 −2 
 −2  2 

 2 

 0 

 0 

 0 

 0 
 0 

 0 

 0 

−2 −1 0 1 2

Figure 4.25: As in Fig. 4.24, but for surface zonal wind.
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Figure 4.26: As in Fig. 4.24, but for 700hPa zonal wind.



Chapter 5

Role of North African Dust

Outbreaks in Modulating Tropical

Atlantic SST Variability on

Interannual Timescales

Many oceanographic studies have identified latent heat flux to the atmo-

sphere as the dominant source of month-to-month sea surface temperature (SST)

cooling in the subtropics (Cayan, 1992; Pickard and Emery, 1990). However, re-

cent work has suggested that massive North African dust storms that are advected

westward over the subtropical North Atlantic can account for a large fraction of

decadal changes in SST anomalies (Evan et al., 2012). We examine the response of

monthly SST anomalies to dust outbreaks on interannual and decadal timescales

by comparing two 150-year Community Earth System Model (CESM) simulations:

one containing aerosols that can interact with modeled meteorology (free to vary

interannually), and one containing a prescribed seasonal cycle of aerosol concentra-

tion (no interannual variability). These comparisons show a substantial reduction

in SST variance in the prescribed aerosol run that is co-located with climato-

logically high dust loading. This suggests that interannual variability of North

African dust outbreaks can drive substantial changes in subtropical Atlantic SST

108
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variability over climatologically dusty locations. In addition, we find that CESM

is generally deficient in simulating the Atlantic Meridional Mode (AMM), which

is consistent with previous findings using other CMIP5 models. Comparisons be-

tween the simulated AMM in the interactive and prescribed aerosol runs show only

small differences in spatial structure and magnitude, which suggests that interan-

nual variability of North African dust in this region is not a significant external

forcing term for exciting the Atlantic Meridional Mode.

5.1 Background

The variability of Atlantic basin sea surface temperature (SST) has sub-

stantial impacts on regional and global climate change, and therefore on human

life. Long term fluctuations in North Atlantic SST can perturb the near-surface

atmosphere and alter storm tracks and associated surface air temperature and

precipitation patterns across Europe and the Mediterranean (Buchan et al., 2014;

Cattiaux et al., 2011; Sutton and Hodson, 2005; Trigo et al., 2002; Rogers, 1997;

Hurrell, 1995). These SST-related changes in regional climate have spawned deadly

heat waves (Cassou et al., 2005) and cold winters (Buchan et al., 2014) across Eu-

rope. Increases in tropical North Atlantic SST, along with reductions in vertical

wind shear, are directly tied to increases in tropical cyclone frequency (e.g. Gold-

enberg et al. (2001)) and Sahel rainfall (e.g. Folland et al. (1986)), especially on

multidecadal timescales (Booth et al., 2012; Mohino et al., 2011; Wang et al., 2012;

Zhang and Delworth, 2006; Giannini et al., 2003). Both local and remote economic

conditions are greatly affected by the relationship between Atlantic SST variability

and these resulting climate patterns.

Observed Atlantic SST variability on decadal and multidecadal timescales

has long been attributed to natural variability of both ocean dynamics and near-

surface layer atmospheric circulation (Enfield et al., 2001; Kushnir, 1994; Schlesinger

and Ramankutty, 1994; Cayan, 1992), while external forcings have been shown not

to project onto the observed SST anomaly patterns (Ting et al., 2009). How-

ever, many of the models used to identify physical mechanisms associated with
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the observed Atlantic SST variability did not include external forcings such as

atmospheric aerosols, which a plethora of studies have identified are important

modulators of atmospheric circulation and mixed layer ocean characteristics (Allen

et al., 2012; Evan et al., 2009; Zhu et al., 2007). Indeed, studies that have sought

to explain Atlantic SST variability using climate models with a greater number of

relevant physical processes (e.g. interactive aerosol variability with meteorology

and microphysics) have suggested that aerosols can explain up to 76% of simulated

decadal and multidecadal Atlantic SST variability (e.g. Booth et al. (2012)).

One region within the Atlantic basin where aerosols are omnipresent is in

the tropical and subtropical North Atlantic basin, where large quantities of min-

eral dust are advected from the North African continent year-round (Prospero

et al. (1970), and many others). Because of its effectiveness as both a scatterer

and absorber of solar radiation, dust has been shown to impact both sea sur-

face temperature and cloud fraction due to direct and semi-direct radiative effects

(DeFlorio et al., 2014; Doherty and Evan, 2014; Evan et al., 2009). Booth et al.

(2012) showed that aerosol-cloud microphysical interactions, which were omitted

from previous modeling studies, dominated the spatial pattern of aerosol forcing

on North Atlantic SST variability during the 20th century.

In addition to the Atlantic Multidecadal Oscillation (AMO) (Schlesinger

and Ramankutty, 1994), the Atlantic Meridional Mode (AMM) is a tropical At-

lantic cross-hemispheric variation of SST that varies on interannual and decadal

timescales (though the AMM can intermittently destruct on monthly timescales),

and is the dominant source of coupled ocean-atmosphere variability in this region

(Vimont and Kossin, 2007; Chiang and Vimont, 2004). It has been suggested that

dust-forced variability of SST in this region is of comparable magnitude to ob-

served variability (Evan et al., 2012), and that decadal-scale dust outbreaks can

modulate AMM activity (A. Evan, private communication, 2015).

The Community Earth System Model (CESM), which is included in the

Coupled Model Intercomparison Project Phase 5 (CMIP5), contains state-of-the-

art parameterizations for aerosols which allow species such as dust to interact with

modeled meteorology and cloud microphysics. This is one of the models used in
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studies such as Booth et al. (2012). Aerosol-cloud microphysics interactions were

absent in CMIP3 models, and in many of the model studies used previously to

analyze Atlantic basin SST variability on decadal timescales. The inclusion of

these interactions, along with better aerosol parameterizations relevant to aerosol-

radiation interactions, allows for utilization of CESM (and other CMIP5 models

that include these aerosol processes) to investigate the relationship between North

African dust outbreaks and low frequency variability of tropical Atlantic SSTs.

We seek to clarify the role of North African dust outbreaks in exciting the

Atlantic Meridional Mode on interannual to decadal timescales. Understanding

the trigger mechanism associated with fluctuations in cross-hemispheric tropical

Atlantic SST is important because of the AMM’s influence on northeast Brazilian

rainfall and tropical cyclone development (Foltz et al., 2012; Vimont and Kossin,

2007). Our method focuses on a comparison between two CESM simulations: one

with interactive aerosols which are free to interact with modeled meteorology and

vary on interannual and decadal timescales, and one with a prescribed seasonal

cycle of aerosol concentration and no interannual and decadal variability.

5.2 Model description and data used

Two model simulations are compared in this study. Both are CESM 1.0.3

150-year pre-industrial control simulations run at a horizontal resolution of 2.5◦

longitude (lon) x 1.9◦ latitude (lat). The only difference in the configuration of

the two simulations is that one contains fully interactive dust emission and trans-

port, while the other prescribes the seasonal cycle of dust concentration using the

climatology of the interactive run, such that there is no interannual variability of

dust in the model. For more information regarding these specific simulations, see

DeFlorio et al. (2014), Hurrell et al. (2013), Liu et al. (2012), and Zender et al.

(2003).

For model evaluation, we use monthly mean SST and 10 meter horizontal

winds from the National Centers for Environmental Prediction-National Center

for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al., 1996) from
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January 1948 to December 2001. Though this particular reanalysis product may

not be optimal in a physically realistic sense, it has been used in previous studies on

this topic (e.g. Chiang and Vimont (2004)) and thus enables a direct comparison

of those studies to our results. All fields have been detrended and we apply a

3-month running mean to the data. We also linearly regress out the influence of

ENSO, since we are not interested in tropical Pacific SST influence on tropical

Atlantic SST variability. We follow Chiang and Vimont (2004) and define ENSO

using the cold tongue index (CTI) over the domain 6◦S to 6◦N, 180◦W to 90◦W.

5.3 Interannual variability of subtropical North

Atlantic SST anomalies

The time evolution of dust burden over West Africa (central Mauritania;

−10◦W, 20◦N) for both the interactive and prescribed CESM simulations is shown

in Figure 5.1. There is clearly interannual and lower frequency variability in the

interactive simulation, while there is no interannual or lower frequency variability

in the prescribed simulation (by construction).

Dust burden is relatively high year-round between 5◦N and 20◦N over the

North Atlantic in CESM (see Figure 6 of DeFlorio et al. (2014)). The variability

of monthly SST anomalies in observations and both CESM simulations is shown

in Figure 5.2. Standard deviation levels in observations and the interactive CESM

simulation are higher over the climatologically high dust burden regions than in the

prescribed CESM simulation. This suggests that interannual variability of North

African dust outbreaks can drive substantial changes in subtropical Atlantic SST

variability.

Figure 5.2 shows that there is strong monthly variability of tropical Atlantic

SST anomalies. The leading and second modes of tropical Atlantic SST anomalies

and their associated temporal evolution is shown in Figures 5.3 and 5.4. The lead-

ing mode is not recognizable as a previously identified climate mode of variability,

but could be associated with hemispheric-wide low frequency fluctuations in SST

anomalies associated with the AMO, or a teleconnected response to ENSO. We
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Figure 5.1: Dust burden (kg/m2) over central Mauritania (West Africa) in CESM
interactive aerosol (top) and prescribed aerosol (bottom) simulation for 50 (left)
and 10 (right) year subsets of the 150-year simulation.

are most interested in the second mode of tropical Atlantic SST anomalies (Fig-

ure 5.4), which displays a spatial structure and interannual variation over time

that is distinctly reminiscent of the AMM. Consistent with other CMIP5 models

summarized in Flato et al. (2013), the AMM is too weak in magnitude in both

interactive and prescribed CESM (middle, bottom), though the spatial structure

agrees reasonably well with observations (top).
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Figure 5.2: Standard deviation of detrended and smoothed monthly tropical
Atlantic SST anomalies in NCAR/NCEP (top), interactive CESM (bottom left)
and prescribed CESM (bottom right).

5.4 Coupled variability of horizontal winds and

SST

Though the cross-equatorial dipole pattern associated with the AMM can

be seen as the second mode of tropical Atlantic SST anomalies, an alternative

approach is to define the AMM as the leading mode of coupled variability be-

tween horizontal surface winds and SST anomalies (Chiang and Vimont, 2004).

This definition accounts for the cross-equatorial wind flow associated with shifts

in the position of the Intertropical Convergence Zone (ITCZ) that are thought to
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Figure 5.3: Leading EOF and associated PC of tropical Atlantic SST monthly
anomalies for NCEP (top), interactive CESM (middle) and prescribed CESM
(bottom).

externally force the SST anomalies associated with the AMM pattern (Nobre and

Shukla (1996) and others).

The first four spatial modes of the singular value decomposition of the

cross covariance matrix of horizontal surface wind and SST anomalies are shown

in Figures 5.5, 5.6, and 5.7 for observations, interactive CESM, and prescribed

CESM, respectively. Their associated principal components are shown in Figure

5.8. NCEP Mode 1 closely matches Figures 1b and 2d of Chiang and Vimont

(2004) and is defined as the AMM. It accounts for 53% of the total variance of the

signal. However, the AMM emerges as Mode 3 in both interactive and prescribed
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Figure 5.4: Second EOF and associated PC of tropical Atlantic SST monthly
anomalies for NCEP (top), interactive CESM (middle) and prescribed CESM
(bottom).

CESM, which only accounts for 2% and 15%, respectively, of the total variance of

the signal. The variance of the interactive CESM ”AMM” principal component

time series (Figure 5.8, middle) is only slightly greater than that of the prescribed

CESM time series (Figure 5.8, bottom) (3.10◦C and 2.89◦C, respectively). This

suggests that interannual variability of North African dust in this region is not a

significant external forcing term for exciting the Atlantic Meridional Mode.
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5.5 Summary and preliminary conclusions

Our findings in this work are still in development, and are somewhat coun-

terintuitive. On one hand, we show in Figure 5.2 that month-to-month variability

in tropical Atlantic SST is reduced when prescribing the seasonal cycle of mineral

dust in our model simulations, which suggests that interannual variability of dust

can be an important driver of subtropical Atlantic SST variability over climato-

logically dusty regions. However, on the other hand, we find little difference in the

spatial structure and temporal evolution of the coupled variability of horizontal sur-

face winds and SST (i.e. the Atlantic Meridional Mode) in each model simulation,

which suggests that interannual variability of dust is not an important external

forcing parameter for exciting and sustaining the Atlantic Meridional Mode. No-

tably, CESM more realistically simulates the observed AMM in both the interactive

and prescribed simulations when the singular value decomposition is performed on

only SST (Figure 5.4) rather than the covarying SST and horizontal surface wind

fields (Figures 5.5, 5.6, and 5.7).

An important next step will be to examine annually and decadally filtered

time series of SST and winds in this framework, since previous studies have sug-

gested that such low frequency variations in North African dust outbreaks could

be important in influencing AMM development and persistence.

Compared to Chiang and Vimont (2004), the magnitude of the temporal

component of the cross-covariance SVD is larger in this analysis by a factor of 5.

This is a discrepancy that must be rectified before publication of this work. How-

ever, our re-creation of the AMM calculation used in Chiang and Vimont (2004)

indicates that the relative (but not absolute) spatial and temporal components

of the Mode 1 NCEP AMM and Mode 3 CESM AMM are simulated with some

degree of realism.
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Figure 5.6: First four spatial modes of singular value decomposition of cross co-
variance matrix of horiztonal surface wind and SST anomalies, interactive CESM.
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Figure 5.7: First four spatial modes of singular value decomposition of cross
covariance matrix of horiztonal surface wind and SST anomalies, prescribed CESM.
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Chapter 6

Conclusions and Comments

6.1 Unifying Theme and General Approach

The unifying theme of the work contained in this dissertation is the utiliza-

tion of global coupled climate models to learn more about thermodynamical and

dynamical processes within the climate system. Particular emphasis was placed on

increasing understanding of aerosol-cloud-climate interactions and extreme precip-

itation events. This is prudent because of the large uncertainty associated with the

historical global radiative forcing of climate due to aerosol-radiation and aerosol-

cloud interactions (-0.4 W
m2 ± 0.5 W

m2 and -0.6 W
m2 ± 0.6 W

m2 , respectvely), and because

of the strong link between extreme precipitation and socioeconomic prosperity over

the western United States.

As of the writing of this dissertation, it is common within the community

to evaluate climate models using multimodel statistical moments (e.g. mean and

variance) of temperature, precipitation, circulation, and other relevant variables.

The calculation of these ensemble statistics is made using some or all of the CMIP5

suite of couple climate models, which is necessary for characterizing climate vari-

ables (both historical and projected) and their associated uncertainties in a robust

manner. The approach implemented in this dissertation focuses on only one of

these models (CESM). We evaluated this model using available observations, and

designed experiments to increase our understanding of physical processes involv-

ing aerosols and other climate variables. Because we focus on only one model, our
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results are not subject to potential obfuscation by the calculation of multi-model

statistics. However, using an ensemble of models in the future may provide more

insight to the results obtained herein.

6.2 Major Contributions

There are several major contributions to the scientific community contained

within this dissertation:

1. We have shown that the representation of global teleconnection patterns

associated with tropical Pacific modes of climate variability (ENSO, PDO) is sub-

stantially more realistic in the newest version of the Community Earth System

Model, CESM. As an aside, it is remarkable that the CMIP3 models which sim-

ulated important Pacific circulation and precipitation teleconnection patterns so

erroneously were used to make projections of temperature and precipitation over

the western U.S., a region whose climate is quite sensitive to Pacific modes of

climate variability.

2. We have exploited the improved representation of aerosol-cloud processes

in CMIP5 models by using CESM in conjunction with satellite and in situ obser-

vations to discover a new aerosol semi-direct effect over the subtropical North At-

lantic, whereby mineral dust heats the lower troposphere above the boreal summer

stratocumulus cloud deck in the eastern subtropical Atlantic, which increases at-

mospheric stability and enhances lower tropospheric inversion strength. Although

there are known errors in aerosol surface emissions and atmospheric burdens in

historical simulations of climate (Evan et al., 2014), we show that the seasonal

cycle and interannual variability of dust over the subtropical North Atlantic are

realistically represented in CESM.

3. We have used an extensive CESM simulation to present evidence that

ENSO exerts a control on North African dust variability on interannual timescales.

There is strong multidecadal variability in the strength of the dust-ENSO correla-

tion, which may explain why limited observations of mineral dust near the North

African continent are more weakly correlated to ENSO than in our extensive CESM
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simulation.

4. We have investigated the role of North African dust in affecting tropical

Atlantic SST variability on interannual timescales. Using simulations of CESM

with and without interannually varying aerosols, we show that tropical Atlantic

SST variance is higher when the effects of varying aerosols are included. We have

also evaluated CESM’s representation of the Atlantic Meridional Mode (AMM),

which recent studies have suggested can be forced on interannual to decadal timescales

by North African dust outbreaks. The AMM is too weak in CESM, and there are

only small differences between the spatial structure and magnitude of the interac-

tive and prescribed simulations, which suggests that North African dust outbreaks

are not important in exciting or sustaining the AMM.

6.3 Future Outlook

There are many questions related to the work in this dissertation that can

be addressed in future studies. Obtaining satisfactory answers will require the

passage of time, which will yield more observations, and consequently more robust

model evaluation.

Specifically, a companion CESM simulation with interactive and prescribed

aerosol emissions (rather than concentrations) could help identify the importance

of emissions in climate feedbacks over the tropical Atlantic region, as suggested by

Wang et al. (2012); Evan et al. (2012) and others. Dust-precipitation interactions

will also need to be examined more in future studies (e.g. changes in dust emissions

and radiative forcing following extreme rainfall events, and the role of Asian dust

in nucleating ice particles and enhancing orographic precipitation over the western

U.S.).
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