©Copyright 2014

Eowyn Baughman



Exploring Meteorological and Biomass Burning Aerosol
Influences
on Marine Stratocumulus in the Southeast Atlantic using

WRF-Chem

Eowyn Baughman

A thesis submitted in partial fulfillment of the
requirements for the degree of

Master of Science

University of Washington

2014

Committee:
Rob Wood, Chair
Lyatt Jaegle
Dargan Frierson

Abigail Swann

Program Authorized to Offer Degree:
Atmospheric Sciences



University of Washington

Abstract

Exploring Meteorological and Biomass Burning Aerosol Influences
on Marine Stratocumulus in the Southeast Atlantic using WRF-Chem

Eowyn Baughman

Chair of the Supervisory Committee:
Dr. Rob Wood
Department of Atmospheric Sciences

Biomass burning in southern Africa exists in a complex series of relationships with
its adjacent and remote environments. Gas and aerosol emissions can be lofted into
the free troposphere and undergo long-range transport in the prevailing easterlies.
The same large-scale subsidence that drives continental fires during the dry season
also promotes extensive stratocumulus clouds in the subtropical southeast Atlantic
Ocean. Biomass burning aerosols often exist as layers lofted above stratocumulus;
where clouds and aerosol layers intersect, the aerosols can influence cloud microphysics
and radiative properties. Meteorological patterns also modulate aerosol transport
and clouds, but there is ongoing debate in the literature regarding whether this ul-
timately makes a difference or if aerosol effects are dominant. Few efforts have been
made to model this system. In this research, the regional weather-chemistry model
WRF-Chem is used to simulate the interaction of biomass burning aerosols with stra-
tocumulus clouds in the Southeast Atlantic to explore how clouds respond to aerosols
and to synoptic-scale meteorological variability. At present, absorbing aerosols are
excluded; their role will be explored separately in future research. Comparing simu-
lations with biomass burning present or absent, we found increased liquid water path

(LWP), reduced lower tropospheric stability(LTS), reduced low cloud, and reduced



effective cloud droplet radius. Comparing strong with weak offshore flow indicative of
synoptic-scale meteorological variability, we found similarly strong but opposite sign
response in LWP, LTS, and low cloud amount. Intriguingly, the offshore flow pat-
tern was associated with greater distance between aerosol and cloud layers, reducing
the incidence of cloud-aerosol interactions during peak aerosol loading. We conclude
that the meteorological variability driving both clouds and aerosols is an important
element in this system that adds interesting complications to the interpretation of

observational datasets.
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Chapter 1
INTRODUCTION

1.1 The Southeast Atlantic: a region with strong biomass burning
aerosol-cloud interactions

Open burning of grasses and woodlands represents the largest source of biomass burn-
ing emissions globally, two-thirds of which originate from the African continent ([11],
Figure 1.1). Biomass burning from Africa constitutes the single largest geographi-
cal source of biomass burning emissions. Emissions exhibit strong seasonality with
a peak in emissions occurring during the winter dry season: fires in sub-Equatorial
Africa typically begin in June and increase to a July maximum before declining in
November ([11]). This seasonality follows the pronounced rainy and dry seasons in
sub-Saharan Africa ([99]), as the austral spring rains progress southward from the
equator ([93]). Figure 1.2 from Wiedinmyer et al ([106]) gives an illustration of the
spatial progression of fires in the FINN inventory for 2008.

The savanna fires located between 10°S and 25 °S are particularly interesting due
to their ability to export large quantities of aerosols over the Southeast Atlantic
Ocean. The same large-scale subsidence that promotes conflagrations on land during
also supports expansive semi-permanent stratocumulus decks off the Namibian and
Angolan coasts. The stratocumulus coverage in this region is maximal in the Septem-
ber through November season, broadly coinciding with a seasonal maximum lower
tropospheric stability in September ([56]). The permanent subtropical stratocumulus
cloud deck in the Southeast Atlantic is one of only three worldwide (fig. 1.4,[111]).
Another is located off the western coast of South America, where the VOCALS field

campaign collected intensive data 2008. Only the South American continent rivals
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Figure 1.1: Emission rates of black carbon in the year 2000 by source category and
ratios of two co-emitted species, primary organic aerosol and SO2.
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Figure 1.2: Seasonal progression of biomass burning in the NCAR FINN inventory.

sub-Saharan Africa in producing large quantities of biomass emissions near to ma-
rine stratocumulus but there, the Andes Mountains block the efficient export of BB
aerosols. There are no such barriers to inhibit plumes of aerosols from transporting
BB aerosol off the savanna plateaus towards the stratocumulus clouds over the South-
east Atlantic Ocean. Persistent tropical easterly flow enables long-range transport of
biomass burning haze far into the Southeast Atlantic Ocean.

The sheer scale of sub-equatorial African wildfires, easterly offshore aerosol trans-
port and stratocumulus cloud decks in the Southeast Atlantic represent a unique
opportunity to study stratocumulus cloud responses to aerosols and large scale mete-
orology. A multi-agency field campaign, ORACLES (ObseRvations of Aerosols above
CLouds and their intEractionS), has been proposed to use a fleet of ships and aircraft
to collect a suite of observations to greatly improve the scientific understanding of
aerosols, clouds, and radiation in this region. Figure 1.3 from the ORACLES proposal

shows cross-sections of aerosol retrievals from the CALIPSO polar orbiting lidar as



Figure 1.3: Composite of CALIPSO lidar backscatter vertical cross-sections and un-
derlying stratocumulus clouds off the west coast of Africa during the first week of
Sept 2008.

these dense aerosol layers migrate offshore over marine stratocumulus during Sept
1-7, 2008. This figure illustrates how the the confluence of biomass burning, synoptic
scale circulation, and persistent cloud cover are all important ingredients within this
system.

The present study is motivated by the unique confluence of meteorological and
aerosol influences on stratocumulus clouds in the Southeast Atlantic. The large scale
meteorology that drives biomass burning and aerosol transport also impacts cloud
cover and cloud properties, just as it would in the absence of wildfires. If cloud
properties are different during an aerosol export event, can we determine the cause?
This research seeks to disentangle the confounding influences on clouds. Improved

understanding of meteorological and aerosol influences can also inform the collection of
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Figure 1.4: Annual mean coverage of stratocumulus clouds, showing the persistent
subtropical Sc deck in the SE Atlantic Ocean.



in-situ data during the ORACLES campaign, and preliminary modeling can anticipate
data needs.

This chapter will introduce biomass burning aerosols, aerosol radiative and aerosol-
cloud interactions, and review the current understanding of cloud responses to aerosols
vs meteorology. It will describe the present course of study to advance our under-

standing of cloud responses in the Southeast Atlantic Ocean.
1.2 Biomass burning aerosols

The open combustion of biomass produces large quantities of both primary and sec-
ondary organic aerosol particles that can be transported long distances in the at-
mosphere. Aerosols from biomass burning consist of a mix of components that both
scatter and absorb solar radiation and can impact clouds microphysically and thus are
thought to exert significant impacts on regional and global climate ([11]). The com-
bustion of biomass involves multiple stages (ignition, pyrolysis, flaming, smoldering,
glowing, extinction), each of which results in different chemical emissions ([8]). Igni-
tion and pyrolysis produce a complex mix of solid and volatile reduced compounds,
which are converted during flaming combustion to products such as carbon dioxide,
carbon monoxide, methane, nitrogen, water, nitric and nitrous oxides, sulfur dioxide,
ethylene, acetylene, various aromatic hydrocarbons, and particulate carbon. Smol-
dering can generate dozens of additional gaseous volatile and semi-volatile species.
The trace gases in plumes from wildfires quickly undergo chemical aging in the
hours after emission. Aircraft observations of Namibian biomass fires during the
Southern African Regional Science Initiative 2000 (SAFARI 2000) campaign indi-
cated rapid ozone production via photochemistry, acetone photolysis to produce HO
radicals, molar enhancement of volatile organic compounds as they oxidize, and sec-
ondary organic aerosols production resulting from these processes ([53]). Dilution and
chemical aging in the biomass burning plume continue during long-range transport;

by the time plumes reached the ocean during the SAFARI 2000 campaign, Formenti



et al ([29]) estimated the sub-micron haze mass was composed of 81% carbonaceous
aerosols, 14% secondary inorganic aerosols (such as ammonium, nitrate, and sulfate),
and 2% left-over pyrogenic species. Organic and inorganic aerosols primarily scatter
shortwave radiation while elemental carbon is the primary light-absorbing species;
scattering tends to dominate over absorption in aged plumes such that Formenti et al
([29]) calculated a 550nm mean single scattering albedo of 0.93+0.06. They estimated
the mean mass scattering and absorption coefficients to be 4.640.6 %2 and 8+5 %,
respectively.

Many of the organic aerosols produced by biomass burning can interact with
cloud droplet formation. In order for an aerosol or particle to become involved in
cloud microphysical processes, it must be activated and thus become a cloud droplet.
The subset of particles that would be activated if subject to a given supersaturation
is termed the cloud condensation nuclei (CCN). Activation occurs when the vapor
pressure of water in the ambient air is sufficient to form a film of condensate on the
particle. Activation occurs more readily on larger droplets with smaller curvature (the
Kelvin law) and for hygroscopic solute mixtures (Raoults Law). A particles critical
supersaturation denotes the ambient supersaturation at which it will activate. Water-
soluble ionic compounds , including sizable fractions of the total calcium, sulfate, and
potassium, form the majority of CCN-particles in biomass burning plumes ([29]).

Worldwide, biomass burning generates a significant fraction of total emissions
of particulate organics, elemental carbon, carbon monoxide, carbon dioxide, tropo-
spheric ozone, nitric oxide, hydrogen, ammonia, and non-methane hydrocarbons ([8]).
Unlike emissions due to industrial activity and energy use, open burning omissions
are not tracked or reported by governing agencies. Every day across the globe fires,
small and large ignite, smolder, burn, and extinguish. Many are caused by humans
or are aided by human influence on land-use, but there is a strong natural compo-
nent aided by seasonal patterns of temperature, precipitation, drought, and lightning.

Global biomass burning emissions are thought to be significantly lower today com-



pared to the 1890s due to fire management and expanded grazing/agriculture ([75];
[79]; [70]). Emissions from biomass burning may increase in the future due to more
frequent or more intense burning in regions of increased temperature and or decrease
precipitation ([77]; [67]). Emissions from biomass burning depend broadly on region,
which determines fire size and intensity, and ecosystem, which determines the fuel
characteristics and completeness of combustion. Emissions can be estimated using

the equation ([11]):
M emittea = Z BA; x FL; x CC; x EF;

where BA; is the burned area (km?) FL; is the fuel load(related to vegetation
abundance, kg dry matter per km?), CCi is the combustion completeness fraction
(how much of the fuel load is consumed), and EF; is the emission factor for the
chemical species (g of compound emitted per kg dry matter). To calculate total
emissions of a species, the summation is taken over i ecosystem classifications.

Satellite measurements are often used to estimate burned area by detecting changes
in surface albedo indicative of burned land or by looking for hot-spots in the mid in-
frared channels ([65]). MODIS/AVHRR uses a hot-spot approach, but retrievals can
be complicated by viewing angle, clouds, snow or flooding ([83]; [89]). Perhaps most
importantly, the relationship between fire detection and area burnt is highly uncer-
tain, which results in temporally and regionally varying differences between different
inventories ([106]). Obtaining more accurate estimates of burned area is the focus of
active research, but currently it is the source of potentially large uncertainty. Fuel
loads have been estimated from field surveys (eg [88]), satellite classifications of land
cover (e.g.[49]), or other land-use/land cover data sets. From the perspective of re-
gional or global modeling, it is challenging to accurately represent the heterogeneity
of vegetation types. Field studies are limited in area, while satellite or dynamic
vegetation models are limited by resolution.

The extent and manner of combustion (e.g. how much biomass is burned, and



whether it smolders or flames) depends on meteorology and ecosystem type. In
wooded ecosystems, dry windy conditions are required to ignite most of the fuel load.
Grasslands burn more completely when trees are absent. Emissions inventories typ-
ically assume relationships to represent these variations, which introduce additional
uncertainty.

An emission factor for combustion relates the amount of emissions of a given
species that results from burning a given quantity of fuel load. Emission factors
are compiled from measurements of the low level airborne smoke samples and some
controlled lab measurements. Some species (e.g. carbon monoxide) can be partly
constrained using satellite column measurements ([6]). It has been suggested that
using aerosol optical properties, may help nudge emission factors, but this approach
has not been attempted in any of the widely used data sets ([11]). Emissions esti-
mates from open fires are error-prone, and grassland fires in Africa tend to be under

estimated due to their small size ([106]).

1.3 Summary of Aerosol Radiative Effects & Aerosol-Cloud Interac-
tions

Aerosol and cloud processes are large but uncertain terms of the global energy budget.
The most recent IPCC report estimates the global aerosol indirect effects ranges from
-1.5 to -0.4 Wm~2 ([48], Chp 7). Radiative forcing due to aerosols (roughly, direct
and semi-direct effects) are thought to range from -0.95 to +0.05 Wm=2. Model
estimates for the Southeast Atlantic suggest direct and semi-direct radiative forcing
at top-of-atmosphere are in the range -0.8 to -1.7 Wm™2 ([85]). Global circulation
models estimate indirect forcing in the region may lie in the range -1.5 to -3.2 Wm 2
although there is considerable disagreement among models ([45]). The large and
uncertain values of aerosol-cloud radiative forcings provides significant motivation to

understand the relevant processes.
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1.3.1 Direct Effect

The direct radiative forcing (DRF) of an atmospheric aerosol is defined as a pertur-
bation of radiative fluxes is caused by the aerosol. Aerosol particles from biomass
burning interact with shortwave radiation, but are too small to have significant ef-
fect on longwave radiation ([48], Chp 2). A layer of partially absorbing aerosol will
scatter a fraction of incident solar radiation; depending on the phase function, some
radiation will escape to space, some will reach the surface, and some will be absorbed
elsewhere in the layer (or ambient atmosphere). If the underlying surface has a low
albedo (e.g. ocean surface), a partially absorbing aerosol generally exerts a negative
radiative forcing because it has a relatively high reflectance and low absorption. If
the underlying surface has a high albedo (desert, snow, or clouds), biomass burning
aerosols can exert a positive shortwave radiative forcing. The sign of the forcing
is dependent primarily on aerosols’ absorptivity and the underlying surface albedo
([20]). Moreover the layer can interact with both downwelling and reflected upwelling
shortwave radiation, which increases the magnitude of the forcing. In partly-cloudy
conditions, clear-sky and cloudy DRFs may offset each other. Using representative
estimates of cloud and aerosol optical properties, Chand et al. ([16]) estimated a
critical cloud fraction for aged absorbing Southern African BB aerosol, for which
the net DRF changes sign from negative to positive, to be 0.4. While absorption
is important for direct radiative forcing, in the context of cloud and meteorological
responses to aerosols we are primarily concerned with how absorption aloft modifies

the thermodynamic profile and possible clouds.

1.3.2  Semi-Direct Effect

The semidirect aerosol effect describes how direct aerosol-radiative interactions affect
cloud properties and thereby atmospheric radiation balance by inducing changes in

meteorology. Absorbing aerosols induce atmospheric heating and cool the surface
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below. Aerosols within or adjacent to clouds tend to reduce the relative humid-
ity, causing evaporation and reductions in liquid water and cloud cover. This cloud
burnoff is a robust response in models ([44], [2], [47], [57]). Absorbing aerosols lo-
cated beneath the clouds may enhance convection and cloud cover ([73], [27]) but
the enhancement depends on the response of surface fluxes ([27]). Absorbing aerosols
above clouds decrease the temperature lapse rate and increase lower tropospheric
stability ([57]). In cumulus regimes, enhanced stability tends to suppress low-level
convection and thus reduce cloud formation. Over land, surface fluxes of moisture can
also decline, depriving nascent clouds of a necessary moisture source ([59]). Aerosols
above stratocumulus clouds in subsiding regions present a most interesting and set of
cloud responses that remains poorly understood. Marine stratocumuli form in moist
boundary layers capped by temperature inversions ([111]). The cool subtropical and
tropical eastern oceans are characterized by warm subsiding air above a cooler tur-
bulent boundary layer; stratocumulus is the dominant cloud type in these regions of
strong lower-tropospheric stability (LTS, [56]). Absorbing aerosols located above the
marine PBL can boost LTS and enhance cloud cover. Reduced entrainment of dry air
across a stronger inversion may also increase cloud liquid water path (LWP) ([52]).
Diminished cloud top shortwave downwelling by aerosol scattering aloft may decrease
cloud-top evaporation (increasing LWP) but could also reduce surface moisture fluxes
(decreasing LWP) ([57]). Wilcox ([107],[108]) investigated absorbing aerosol semi-
direct effects off the western coast of Africa using aerosol and LWP properties from
the Ozone Monitoring Instrument ([46]; [98]) and AMSR-E sensor ([104]; [105]), re-
spectively, and found increasing LWP with aerosol loading, accompanied by thicker
clouds. They were unable to determine the precise cause of the LWP response from
satellite data. Nor could they control for the influence of meteorological variability,

which would complicate a determination of causality.
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1.3.3 Indirect Effects

Aerosol indirect effects (AIE) describe the mechanisms by which aerosol particles in-
fluence clouds on the microphysical scale. Several AIEs have been observed; their
names reflect custom rather than magnitude or prevalence. FEach stems from an
impact of aerosols on the cloud droplet concentration, but the actual efficiency of
aerosol activation is disputed ([60]). This contributes to the uncertainties in quanti-

fying aerosol indirect effects.

1st AIE (Albedo Sensitivity)

The first aerosol indirect effect (1st AIE, or the Twomey effect) theorizes an increase
in cloud albedo (A) with cloud droplet concentration, Ny, assuming that LWP is held

constant:
dA|_ o dA d(t,)
de N N d(Tc) de

where S is called the albedo susceptibility, 7. is the cloud optical depth ([78]).

At a fixed LWP, an increase in CCN should result in smaller droplet radii on

average as more numerous nuclei compete for the same moisture:

3 _ 3q
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where r, is the volume-averaged cloud droplet radius, q; is the liquid water content,
and p, is the density of water vapor.

Smaller droplets contribute to larger called optical depth:

h 3¢ B 3 LWP
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where z is the height, p,, is the density of liquid water, and r, is the cloud droplet

effective radius.
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Bohren et al ([10]) gives a simplified approximation of cloud albedo calculated by
a two-stream radiative transfer model with plane-parallel geometry, isotropic down-
welling, and zero surface reflectivity:

~_ 179

T2+ (1-g)r.
where g is the asymmetry factor (a measure of scattering geometry, g = 0.85 for water
droplets in visible light).

The first AIE has been estimated from observations, most notably in ship tracks
([80], [78]), that largely confirm the soundness of the hypothesis. However, Ackerman
et al ([2]) found that a broadening of the droplet size distribution (rather than a
simple shift to smaller sizes) and non-constant LWP can undermine the utility of
cloud albedo susceptibility for providing the definitive link between aerosol and cloud

albedo.

2nd AIE: Precipitation Suppression

Aerosol-induced precipitation suppression (often termed the Albrect effect) theorizes
a decrease in rain rates due to increased CCN concentration. A population of cloud
droplets will experience less efficient collision-coalescence when the drops are on av-
erage smaller:

A shift in the size distribution towards more numerous but smaller droplets (a
response required by the 1st AIE) should, theoretically, reduce the formation of rain-
drops and hence precipitation. Precipitation suppression can be observed, for exam-
ple, in ship tracks ([28],[19]). Observations from ship tracks in stratocumulus regions
suggest size distributions do favor smaller droplets in the presence of aerosols, but
the distribution may broaden or narrow depending on whether the cloud is drizzling
([2]). Data from the VOCALS campaign in the Southeast Pacific are consistent with
aerosols suppressing precipitation, particularly in the most weakly-drizzling stratocu-

mulus ([94]).
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Figure 1.5: Collision-Coalescence Efficiency as a Function of Collector Drop Radius
(R) and Collected Droplet Radius (r), microns

The impacts of reduced precipitation on stratocumulli are mixed. Albrecht ([7])
hypothesized that increased cloud lifetime and enhanced liquid water path would
result from suppressed precipitation. However, cloud lifetime appears to be only
sporadically influenced by aerosols ([51]), and liquid water path responses can be
positive or negative, as previously discussed. Consequently, the impact of aerosols
on cloud albedo via precipitation suppression is disputed. One recent study shows
that large-scale model responses of precipitation to aerosols may be artificially strong
([101]). Additionally, whether LWP increases or decreases with Ny in stratocumulus
depends on the rate at which cloud precipitation and droplet sedimentation is affected
by aerosols, the subcloud evaporation of precipitation, cloud-top entrainment and the
moisture differential across the capping inversion ([3], [110],[14]).

We will be reviewing previous research as it pertains to meteorological-cloud and

aerosol-cloud interactions with respect to the Southeast Atlantic and biomass burning
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aerosols.
1.4 Previous Research

Aerosols from Southern Africa have been observed over the Southeast Atlantic since
the early 1970s ([93]). The first Southern African Fire-Atmosphere Research Initiative
(SAFARI) campaign in 1992 sought to characterize aerosols produced in the region.
Based on ECMWF back-trajectory analysis , Swap et al. ([93]) proposed a transport
pathway in which biomass burning aerosols, emitted at elevations above sea level and
lofted by convection, are transported offshore and subside at a rate of 150 to 400 m per
day. Garstang et al ([32]) related Lagrangian in trajectories during the SAFARI-1992
campaign to identify prevailing anticyclonic conditions. Focusing on South Africa, the
SAFARI-1992 analysis found only 5% of their calculated trajectories were transported
over the Atlantic ([32]). The vast majority recirculated and moved out over the Indian
Ocean. The focus of previous field campaigns on southern Africa, whose aerosols
primarily export into the Indian Ocean, provides additional motivation to study the
easterly transport of aerosols from fires closer to the equator that influence subtropical
stratocumulus in the Southeast Atlantic Ocean.

Several studies have used remote sensing data to calculate linear correlations be-
tween aerosol loading and cloud properties in the Southeast Atlantic. This formed
the basis for arguments that aerosol semi-direct and indirect effects had a domi-
nant effect on cloud cover, liquid water, and droplet size. For example, Breon et al.
([13]) correlated R, from AVHRR with aerosol index from POLDER and obtained re-
sults consistent with Twomeys aerosol indirect effct. Kaufman et al. ([55]) regressed
MODIS cloud cover and R, on MODIS aerosol optical thickness, total precipitable
water and NCEP meteorology fields (T,u,v,w,LTS ) and found significant correlations
between cloud fraction and meteorological parameters, with a total aerosol loading
exerting a strong influence. Wilcox ([107] and [108]) used cloud-aerosol correlations

to find that elevated smoke layers warm the atmosphere near 700 hPa by 1 K and
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this semi-direct effect enhanced cloud LWP by 20 g/m? relative to clouds under clear
skies. Costantino and Breon ([21]) examined the linear dependence of R, and other
cloud properties on aerosol optical depth when clouds and aerosols were separated
or physically mixed. The authors concluded that Twomey and Albrect effects were
active in the mixed cases, while cloud fraction was higher in the separated cases.
Each of these correlation studies was limited by the natural confounding influences of
meteorological variability on aerosol distribution and clouds. Several acknowledged
the uncertainty due to meteorology ([55],[108]) or tried to account for it ([21]) but
each ultimately attributed most of the causality to aerosol-cloud interactions.

Other studies argued for a larger meteorological influence. Mauger and Norris
([72]) used MODIS cloud and aerosol properties with back trajectories driven by
ECMWF meteorology to examine the role of meteorological biases on aerosol-cloud
relationships. They focused on the North Atlantic, but their finds called into question
the instantaneous correlation approach used previously. They showed that most of
the cloud fraction response was explained by the mean LTS 48 hours prior. In fact,
the linear dependence of cloud fraction on AOD is 54% weaker when the linear de-
pendence on LTS is removed. Mauger and Norris ([72]) thus argued that meteorology
(present and parcel history) are essential and ignoring them grossly overestimates the
magnitude of the aerosol indirect effect. George and Wood ([34]) make a similar point
that variations in R, in the VOCALS region may be > 50 explained by meteorological
variability. Su et al. ([92]) present a detailed examination of meteorological drivers
of aerosol-cloud responses in the Southeast Atlantic. The authors found that cloud
fraction, LWP and R, depended on the thermodynamic conditions in a way that
resembled their dependence on high aerosol loading. They also showed how certain
retrieval biases in remotely sensed cloud properties might mimic aerosol indirect ef-
fects. These studies suggest that meteorological variability may play a substantial role
in determining cloud properties, which may not be apparent from linear correlation

methods.
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There have been some efforts to model this region. Sakaeda et al. ([85]) used
a global atmospheric model (CAM 3.0) coupled to a slab ocean to compute a 20
year simulation of July-October in the Southeast Atlantic. This was the first and
only attempt in the literature to perform large scale modeling of this region, but
the model was limited by (1) proscribed aerosols and (2) inability to resolve droplet
activation, so the research could not consider indirect effects. Sakaeda et al. ([85])
demonstrated the utility of using a model to simulate turning biomass burning off
while leaving the meteorological variability intact, an approach we use in the current
research to examine the influences of meteorology vs aerosols on stratocumulus in this

region.
1.5 Present Research

As described above, previous research on biomass burning aerosols relationship to
clouds in the subtropical Southeast Atlantic has explored the contours of uncertainty
in this complex system. The present research seeks to quantify some of the same
characteristics using a novel approach, while examining hitherto neglected aspects of
the system.

The current understanding of lofted aerosols in the Southeast Atlantic is lim-
ited by an incomplete characterization of how meteorological conditions influence
aerosol-cloud interactions. The net radiative impact of clouds plus aerosols is large;
while many influential papers have argued for aerosols of the primary driver of ob-
served cloud variability, studies that attempt to constrain for meteorology find that
at least half of the radiative effects implied by correlative studies might actually
be meteorologically driven. A primary question of this research asks what the key
meteorological controls over clouds and aerosols are, particularly, what role does vari-
ability in the large-scale circulation play in driving both cloud variability and aerosol
transports/variability. Previous work has focused on controlling for past and present

atmospheric conditions, but so far the large-scale patterns influencing both aerosols
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(transport, distribution) and cloud systems has largely escaped scrutiny. How much
of the subseasonal variability in these fields and in correlations between cloud and
aerosol fields is driven essentially by weather?

A critical aspect of the meteorological controls relates to the unique vertical dis-
tribution of clouds and aerosols over the Southeastern Atlantic. The arrangement
of these layers in the troposphere is almost likely to be strongly determined by
atmospheric processes independent of aerosol concentration: semi-direct and indi-
rect effects, when they occur, are unlikely to be of a magnitude as large as the
weather-related cloud variability. By comparing simulated layer geometry charac-
teristics height, thickness, separation, number, frequency of occurrence for model
simulations without biomass burning, we can investigate how aerosol layers respond to
meteorology. We exclude absorbing aerosols to exclude the influence of ”self-lofting”
aerosol layers.

The vertical arrangement of cloud and aerosol layers is also vitally important for
determining which aerosol-mediated cloud changes are occurring in the region. Pre-
vious studies provide an understanding of what can happen when absorbing aerosols
are located above or within a stratocumulus topped boundary layer. The details of
these processes are challenging to represent in models, and the magnitude of the net
radiative forcing is uncertain. But before we can assess the aerosol effects on clouds,
we must understand if and when cloud aerosol layers intersect one another. This
determination was impossible to make with passive remote-sensing. With the ad-
vent of spaceborne lidar measurements (e.g. CALIPSO, launched in 2006), it became
obvious that vertical separations between clouds and aerosols are an important fea-
ture in the Southeast Atlantic Ocean. Costantino and Breon (][21]) were the first to
use co-located CALIPSO and MODIS observations to segregate samples by vertical
separation. They found evidence of indirect aerosol effects when aerosols and clouds
intersected. We would like to know how the meteorology influences the likelihood of

aerosol-cloud intersection. We would also like to understand how cloud properties



19

may be responding independently to meteorology. These questions can be answered
using methods that allow us to minimize aerosol effects while leaving the weather
patterns intact.

Regional chemistry-aerosol-climate models, guided and constrained by observa-
tions, are appropriate tools to examine the confounding influences of aerosols and
meteorology on cloud properties using the layer approach within a synoptic-scale
weather pattern framework. Models provide forecasting capabilities and new ways to
look at a system. Indeed, to the best of our knowledge the study described in this
thesis is one of the first attempts to use regional chemistry-aerosol-cloud modeling to
look at aerosol-cloud-weather interactions over the Southeast Atlantic Ocean during

Southern Africas biomass burning season.
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Chapter 2
METHODOLOGY

Building on the work of Sakaeda et al. ([85]), this research uses a modeling
approach to examine how biomass burning aerosols impact clouds in the Southeast
Atlantic by comparing simulations where biomass burning is either turned ”on” or
"oft”. This experimental approach allows us to hold the meteorological parameters to
be the same for each simulation such that the the significant differences between them
are due to aerosol influences. The simulation without biomass burning also provides
a representation of how cloud properties depend on meteorological variability in the
absence of wildfires. We are able to determine if these relationships hold for the
simulation including fires. Finally, a modeling approach allows us to focus exclusively
on indirect aerosol effects. In the future, we can compare indirect and semi-direct
aerosol impacts on clouds within the same modeling framework.

The Weather Research and Forecasting (WRF) numerical regional model is cou-
pled to interactive chemistry (WRF-Chem) for the purpose of this research. This
model offers the ability of regional scale domains to simulate aerosol transport and
synoptic meteorology, while providing better vertical resolution than most global mod-
els with fully interactive chemistry-aerosol-clouds. WRF-Chem includes online chem-
istry with interactions among aerosols, clouds, atmospheric dynamics and thermody-
namics that are necessary to investigate the problem. It also features optional routines
for biomass burning and aerosol semi-direct radiative effects that can be toggled off
separate from other aspects of the code. WRF-Chem has a demonstrated ability
to simulate aerosol indirect effects on stratocumulus clouds in the Southeast Pacific

([84],[35], [33]). This section describes the model configuration. We also compare
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model results to observational fields in an effort to inform later analysis.
2.1 WRF-Chem Specifications

WRF-Chem version 3.4 ([40],[26]) is run over the biomass burning season (July Oc-
tober) 2007 over the region including sub-Saharan Africa and the Southeast Atlantic
Ocean (5 ° N-35° S, 20 ° W-40 ° E). A map of the domain is available in Fig. 2.1. The
model is run using 1 © x 1 © horizontal resolution with 47 vertical terrain-following
sigma levels that are more densely packed near the surface (e.g. there are nine levels
beneath 2km, 14 beneath 4km). Meteorological boundary conditions are provided at
1 ° x 1 ° horizontal resolution at six hour intervals by ECMWEF ERA-Interim reanal-
ysis of winds, pressure, thermal and moisture fields. Chemical boundary conditions
are provided every 6 hours for the particular months and years from the Model for

OZone and Related Chemical Tracers (MOZART-4, [24]).

2.1.1 Physics

The Advanced Research WRF (ARW) dynamic solver drives the model physics. The
dynamical equations are nonhydrostatic, Eulerian and fully compressible. Vertical
levels are derived by a terrain-following hydrostatic pressure vertical coordinate. The
model uses a third-order Runge-Kutta scheme to integrate forward in time with a
three-minute timestep. Longwave radiation is calculated according to the Fu-Liou-Gu
schme, new in this version of WRF, which has multiple radiation bands, cloud cover
effects, and ozone profiles from climatology. Shortwave radiation is handled by the
Goddard scheme, a two-stream multi-band scheme with ozone from climatology and
the ability to simulate cloud effects and aerosol-radiation interactions. The Perdue
Lin et al. ([66]) microphysics scheme is used: a single-moment bulk scheme with five
classes of hydrometeors, including graupel, and the ability to interact with the models
chemistry. The Monin-Obukhov surface layer and Noah Land surface ([23]) schemes

are utilized. The Grell 3D cumulus paramaterization without shallow convection is
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Figure 2.1: Map of the model domain
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used to help maintain realistic cloud cover. Planetary boundary layer physics are
calculated by the Bretherton and Park ([15]) scheme, an approach based on turbulent
kinetic energy closure which is optimized for marine stratocumulus topped boundary

layers at coarser spatial resolutions.

2.1.2 Chemical Emissions

Biomass burning is emitted in hot plumes that loft chemical constituents into the
troposphere, a process that modifies thermodynamic structure at the source and the
efficiency of transport away from the source region. The BEM biomass emissions and
plume-rise module ([31], [39]) assimilates remote fire sensing products from MODIS
to determine which grid columns have active fires. A land dataset is used to select
fire properties, and the parent model supplies the environmental conditions. The
height of each plume is derived and used to determine the effective injection height
of smoke and gaseous emissions. The plume rise is explicitly simulated using a single
dimensional entrainment plume model ([63]) whose governing equations are based
on the first law of thermodynamics, the vertical equations of motion, and continuity
equation for the water phases ([31]). Inclusion of the plume rise module produces
significant improvements simulating wildfires in Alaska ([39]) and aerosol transport
in Brazil ([69]).

Wildfire properties were calculated from the Fire INventory from NCAR (FINN)
described by Wiedenmyer et al. ([106]). FINN version 1.0 provides daily, 1 km x
1 km, global estimates of area burned, combustion efficiency, land cover, and emis-
sions factors for organic and nonorganic species. Data are available for the years
2002-2013. Fire locations and timing identified from the MODIS thermal anomalies
product ([37]). Fire emissions are supplied at hourly intervals throughout the simula-
tions. The relationship between fire presence and area burned is ill-constrained, so a
simple assumption is made that each fire is assigned a burned area of 1 km™2 except

for savanna/grassland fires which are assigned 0.75 km~2 area burned. Additionally
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burned area is scaled down if part of the grid square is bare ground. Vegetation
density (including bare ground) and land cover designations are determined by the
MODIS Vegetation Continuous Fields (VCF) and Land Cover Type (LCT) products,
respectively. Emission factors are calculated from published values for LCT classifi-
cation and vegetation type ([106], Table 1). Uncertainty in these data are thought to
represent a factor of two in emissions ([106]).

Anthropogenic emissions of reactive gases and aerosols are taken from Lamarque
et al ([62]) for the year 2000 at monthly timescales. This inventory represents a
combination of multiple global and regional inventories. Over sub-Saharan Africa:
EDGAR-Version 4 is the primary source of methane and ammonia; EDGAR-V4 and
RETRO inventories contributed carbon monoxide, nitrous oxides, and non-methane
volatile organic compounds; sulfur dioxide emissions came from Smith et al ([90]);
organic and black carbon are based on Bond et al. ([12]) and Junker and Liousse
([54]). Emissions from shipping ([25]) and aircraft ([64]) are also included.

Figure 2.2 provides the total emissions for the largest fifteen categories of emis-
sions. BB indicates biomass burning emissions; ANTH indicates anthropogenic emis-
sions. Emissions are often highly localized, especially anthropogenic emissions, so the
total is calculated over the whole domain and model simulation period (June - Oct
2007) to facilitate comparison. Carbon monoxide from biomass burning and anthro-
pogenic sources dominate, followed by anthropogenic methane. Anthropogenic and
biomass burning sources are comparable in terms of moles emitted; overall input emis-
sions are 52.2% biomass burning and 47.4% anthropogenic in origin. Anthropogenic
emissions are mainly confined to population centers while biomass burning emissions

occur over vast areas in the continental interior.

2.1.8  Chemistry

Chemical reactions are represented via the Regional Acid Deposition Model version

2 (RADM2, [91],][74]) to resolve quasi-steady state concentrations of 38 predicted, 22



25

12000000 -

10000000 -

8000000 -

6000000 -

4000000 -

2000000 -

O & % U e
<§ Q9 cj? Q§°
Q e ¢ ? Q&

Figure 2.2: Input emissions (moles) of the largest 15 chemical species, total of June
- Oct 2007 over the entire domain 34.55:14.5N, 19.5W:39.5E. BB is biomass burning,
ANTH is anthropogenic.
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diagnosed, and 3 constant species. This choice of chemical mechanism is one of the
only ones that includes aqueous phase chemistry and is also coupled to the microphys-
ical and aerosol modules. The chemical mechanism represents 14 inorganic species,
4 reactive intermediates, 26 stable organic species and 16 peroxy radicals. Species
of similar reactivity are treated in bulk. Gas phase and heterogeneous reactions are
included. Some aqueous reactions are included and are required for processing sulfur
aerosols and their precursors.

In addition to proscribed chemical emissions, the model contains subroutines to
estimate additional species online as a function of environmental variables. WREF-
Chems online wind-blown dust emissions are excluded from the simulations because
it is beyond the scope of this study; dust aerosols should not have a significant impact
in our study region ([55]). Biogenic volatile organic compound (VOC) emissions were
computed as a function of plant type and environmental conditions based on Guenther
et al. ([42],[41]) as functions of temperature and land cover. Sea salt emissions are

calculated as a function of 10 m windspeed following the parameterization of Gong

et al. ([38]).

2.1.4 Aerosols

The MADE/SORGAM modal acrosol scheme is used ([4],[86]) to define aerosol prop-
erties. Three lognormal size modes are considered: Aitken (&~ 0.1 —0.1pm), accumu-
lation (= 0.1 — 1um), and coarse (> 1pm) modes. For each mode, the mass of each
chemical compound and the total number of particles is calculated at each timestep
for both cloudy and clear conditions. The aerosol scheme handles gas and hetero-
geneous chemistry, gas-particle partitioning, coagulation, cloud- and ice-nucleation,
dry and wet deposition. Nucleation is calculated following Kulmala et al ([61]), com-
puting homogeneous nucleation in a sulfuric acid water system. The aerosol scheme
processes the prognostic chemical species to predict SOy, Na, Cl, NOs, NH; and

several lumped quantities representing primary and secondary organic aerosols.
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The MADE/SORGAM module computes the cloud condensation nuclei (CCN,
0.2% supersaturation) diagnostic field. The model uses the Abdul-Razzak ([1]) for-
mulation, but the CCN field is biased low ([112] , [33]). This low bias emerges because
WRF-Chem computes the critical supersaturation for a particle with the geometric
mean radius of the size distribution by assuming a constant particle radius (for each
size mode) rather than deriving this value. A better approach is to calculate the
geometric mean radius for each aerosol mode from the total model number and an
aggregate of the individual aerosol mass concentrations with particle density of each
species already assumed by the code. R. George ([33]) found that this corrected CCN
activation improved the agreement of simulated and observed CCN in the VOCALS
region of the Southeast Pacific. The same correction was implemented in WRF-Chem
for this study, although we lack the observational evidence to test its efficacy in the

Southeast Atlantic.

2.1.5 Aerosol Effects

The first and second indirect aerosol effects on warm clouds, as well as the direct and
semi-direct effects, are represented through interactions among aerosols, radiation,
and cloud properties ([26], [43],[17]). These interactions are set by the choice of
physics, chemistry, aerosol and microphysics schemes already described. The first AIE
is represented as a direct dependence of the Goddard shortwave radiation scheme on
droplet concentration. The Perdue-Lin microphysics code includes prognostic cloud
droplet number exchanged with the aerosol processing scheme; cloud droplet in turn
influences the autoconversion rate and hence precipitation and other cloud processes
(i.e. 2nd AIEs). The direct and semi-direct aerosol effects are implemented in the
radiation codes dependence on the bulk optical properties of the aerosol fields. At this
time, elemental carbon is excluded from the model to minimize semi-direct effects;

later simulations will include elemental carbon.
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2.1.6 Simulations

Three main simulations were performed for the period July - October 2007. Absorbing
aerosols (and hence, semi-direct effects) are explicitly excluded from the present study
with the intention of focusing on cloud microphysical responses to both aerosols and
meteorological variability. The simulation BBon has all the aforementioned emissions,
processes, and interactions. BBon is designed to mimic the real environment as
much as possible, excluding absorbing aerosols, using currently available modules
with minor code modifications. A second simulation, BBoff, is identical to BBon
except without biomass burning emissions or a plume rise mechanism. Clouds and
aerosols are still present in layers and can interact via chemistry and microphysical
interactions. In the future, we intend to repeat the simulations with absorbing aerosols
(essentially, including semi-direct effects) while using the same chemistry. This will
facilitate direct comparisons between model results to quantify the relative impacts

of indirect and semi-direct aerosol effects.

2.2 Model Evaluation

2.2.1 Meteorology

These figures represent comparisons between ECMWF ERA- Interim reanalysis fields
and WRF-Chem output. Since WRF-Chem is forced at the boundaries with ERA-
Interim, the degree of agreement can be interpreted as a measure of how well the
model simulates the interior of the domain relative to the reanalysis. The models
representation of meteorology is its strength.

Figure 2.3 indicates the model captures the 500hPa geopotential height fairly well.
The fields are similar in pattern and magnitude, although the model has a slightly
stronger height gradient near the southern edge of the domain. The mean WRF-
Chem height field also has an elevated contour in the Gulf of Guinea. Examining

the standard deviations for model and reanalysis (2.4), the areas of disagreement
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Figure 2.3: Comparison of mean reanalysis geopotential height at 500 hPa (km) with

modeled.
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Figure 2.4: Comparison of standard deviation of reanalysis geopotential height at 500
hPa (km) with modeled.
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also display more variability in the model, suggesting the influence of short-term
fluctuations on the mean state.

At 1000hPa, the agreement in zonal mean wind between the model and reanalysis
is very good (2.5). The reanalysis stronger coastal winds extended further off the
Angolan coast, likely due to the models trouble producing proper coastal boundary
layers. Surface zonal winds in the western oceanic portion of the domain are 1-3 m/s
weaker in the model than in the analysis but the overall patterns are consistent. The
standard deviations in the 1000hPa zonal winds are similar between the model and
reanalysis (2.6).

The model produces 850hPa zonal winds that show good agreement with the re-
analysis (2.7). The mean flow at 850hPa the subtropics is easterly. Westerly flow
exists in the mid-latitudes, and in Gulf of Guinea where cloud regimes are more cu-
mulus. The difference in this Gulf between the model and reanalysis likely reflects
differences in stratocumulus-cumulus transitions. The reanalysis and model capture
similar scales of variability (2.8) with the model producing 2-3 more standard devia-
tions of variability in the sub-tropical ocean.

At 700hPa, both the reanalysis and the model produce easterly (westerly) winds
equatorwards (polewards) of 15° S, with the reanalysis producing stronger easterlies
and a more consistent divide (fig. 2.9). The region of easterly 700hPa flow off the
Angolan coast is more pronounced and stronger by several m/s in the reanalysis,
which could give a mean transport at this level that is too weak at times in the
WRF-Chem model. However, the WRF-Chem model 700hPa zonal flow is more
variable throughout much of the domain (fig. 2.10), suggesting a mix of stronger and
weaker transport episodes.

The model produces very realistic meridional surface (1000hPa) winds (fig. 2.11).
The region is characterized by southerly flow at the oceans surface, which helps advect
cooler temperatures northward (e.g. fig. 2.19). A small region of northerly flow in

the far south-west corner of the domain is not captured by WRF-Chem, but is not
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Figure 2.5: Comparison of mean reanalysis zonal wind at 1000 hPa (m/s) with mod-
eled.
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Figure 2.6: Comparison of standard deviation of reanalysis zonal wind at 1000 hPa
(m/s) with modeled.
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Figure 2.7: Comparison of mean reanalysis zonal wind at 850 hPa (m/s) with modeled.
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Figure 2.8: Comparison of standard deviation of reanalysis zonal wind at 850 hPa
(m/s) with modeled.
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Figure 2.9: Comparison of mean reanalysis zonal wind at 700 hPa (m/s) with modeled.
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Figure 2.10: Comparison of standard deviation of reanalysis zonal wind at 700 hPa

(m/s) with modeled.
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Figure 2.11: Comparison of mean reanalysis meridional wind at 1000 hPa (m/s) with
modeled.
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Figure 2.12: Comparison of standard deviation of reanalysis meridional wind at 1000
hPa (m/s) with modeled.
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Figure 2.13: Comparison of mean reanalysis meridional wind at 850 hPa (m/s) with
modeled.

relevant to this study. The model produces overall more variability in the surface
meridional wind field than the reanalysis, particularly in the stratocumulus areas and
near the coastline (2.12).

The agreement between model and reanalysis of the meridional winds at 850hPa
is less consistent but still fairly good(fig. 2.13). The model and reanalysis produce
very similar patterns, but the model has stronger southerly winds near Gabon (at

the equator) and stronger coastal northerly winds at 15° S. This may be related to
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Figure 2.14: Comparison of standard deviation of reanalysis meridional wind at 850
hPa (m/s) with modeled.
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boundary layer representations. The model produces more variability in the 850hPa
meridional wind over most of the ocean (fig. 2.14).

Above the boundary layer at 7T00hPa, prevailing meridional winds are weaker and
more northerly or neutral in both the reanalysis and the model (fig. 2.15). The
model has 1-2 m/s stronger V-winds in some areas, while the reanalysis has a tongue
of southerly flow extended further northward in the stratocumulus region. The model
has more variability equatorwards of 15° S and less variability polewards of 15° S (fig.
2.16).

The 700hPa mean vertical winds agree reasonably well between the reanalysis and
the model (fig. 2.17). Both model and reanalysis show a broad area of gentle sub-
sidence with similar spatial means (excluding coastlines, spatial mean = 0.45 hPa/s
for model, 0.46 hPa/s for ERA-Interim). However the model subsidence is a much
smoother field, whereas the reanalysis is speckled with rising motion over the ocean
and rising motion along most of the continental coastline. These variations in the
reanalysis data exist in time as well as space, as seen in Fig. 2.18.

Temperatures near the surface agree fairly well between the model and reanalysis
(fig. 2.19). Both fields feature a tongue of cooler water associated with cold air
advection; in the model, this feature is narrower and pushed up against the coast.
This is consistent with the differences in surface winds. The model produces similar
variability as the reanalysis (fig. 2.20).

At 850hPa, the temperature field has a strong gradient tilting northwestward.
This feature is represented well in the model (fig 2.21). In the model, the gradient
tilts slightly more to the north, and warm air near the coast does not extend as far
westward. In both the model and reanalysis, variability in the 850hPa temperature
field is centered about the gradient (fig 2.22). These features are likely caused by the
850hPa surface intersecting the planetary boundary layer.

Above the boundary layer at 700hPa, agreement in the temperature fields is very

good, although the model is a few degrees warmer over much of the domain (fig 2.23).
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Figure 2.15: Comparison of mean reanalysis meridional wind at 700 hPa (m/s) with
modeled.
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Figure 2.16: Comparison of standard deviation of reanalysis meridional wind at 700

hPa (m/s) with modeled.



45

Figure 2.17: Comparison of mean reanalysis vertical wind at 700 hPa (cm/s) with
modeled.
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Figure 2.18: Comparison of standard deviation of reanalysis vertical wind at 700 hPa
(cm/s) with modeled.
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Figure 2.19: Comparison of mean reanalysis air temperature at 1000 hPa (K) with

modeled.
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Figure 2.20: Comparison of standard deviation of reanalysis air temperature at 1000
hPa (K) with modeled.
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Figure 2.21: Comparison of mean reanalysis air temperature at 850 hPa (K) with
modeled.
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Figure 2.22: Comparison of standard deviation of reanalysis air temperature at 850
hPa (K) with modeled.
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Figure 2.23: Comparison of mean reanalysis air temperature at 700 hPa (K) with
modeled.



o2

ECMWEF Std Dev 4.5

3.5

WRF-Chem Std Dev

0.5
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Variability is similar as well (fig 2.24).

2.2.2  Cloud Properties

Cloud properties are taken from a number of observational sources. Due to the res-
olution and lack of sub-grid scale clouds, maintaining a realistic stratocumulus cloud
deck was a top priority when designing the model configuration. The model con-
figuration, determined as it was by the need to include aerosol indirect effects and
aqueous chemistry, was further refined to maintain realistic cloud properties. For
example, shallow convection was turned off to reduce spurious cloud-surface decou-
pling, and the activation scheme was modified in a way that produced better CCN
concentrations in the Southeast Pacific ([33]). The model performs adequately well
at capturing the key cloud properties that are essential to this project.

Observed low cloud fraction is derived from CALIPSO retrievals and processed
to produce gridded fields (data available from the CALIPSO-GOCCP project). Low
clouds are defined as cloudy retrievals beneath 680hPa. WRF-Chem does not actually
simulate sub-gridscale cloud fraction, so for these figures the fraction of low clouds at
any point is defined as the frequency with which a low cloud appears in that gridbox.
The model is able to simulate a spatially broad, temporally persistent population of
low clouds that compares well with the CALIPSO observations (fig 2.25). The model
exhibits higher variability, which one would expect due to its binary determination of
cloud presence.

Cloud liquid water path is calculated as the vertical integral of liquid water con-
tent when clouds are present. The value is taken at 1:00pm local time to compare
to the AMSR-E Advanced Microwave Scanning Radiometer-EOS (AMSR-E) which
makes observations around 1:30pm local time. The model overestimates LWP by
approximately 50% in the stratocumulus region of interest (fig 2.26). The model also
produces more variability in cloud LWP although without a coherent structure (fig

2.27).



54

- CALIPSO Megan CALIPSO Std Dev

0 10 E _20E 30E 0W 0 1WE 220E 3E

20 S =- - ; 20 S

WRF-Chem Mean WRF-Chem Std Dev

MWW 0 W E 20E 30 E MWW 0 0E 20E 30 E
s =

g’
w
i
I

0.3 0.4
Figure 2.25: Comparison of mean low cloud (base > 680 hPa) frequency/fraction
from CALIPSO with model.
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Figure 2.26: Comparison of mean integrated cloud liquid water path (g/m?) from
AMSR with model.
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Figure 2.27: Comparison of standard deviation of integrated cloud liquid water path

(g/m?) from AMSR with model.
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Figure 2.28: Comparison of mean rainfall rates (mm/hr) from MODIS with model.
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Surface rainfall is a difficult parameter to measure and model in stratocumulus re-
gions where precipitation rates are small. Climatological mean July - October rainfall
rates from the CloudSat instrument are compared with modeled surface rain rates (fig.
2.28). The model is able to capture the spatial pattern of precipitation fairly well, and
represents the south-westerly gradient in rainfall rates. Both modeled and observed
precipitation peaks at 0.8-0.9 mm/day in the southwest of the domain, decreasing
to 0.05-0.1 mm/day at the edge of the Sc cloud area. CloudSat precipitation values
are larger throughout much of the oceanic domain. In the area 10-15S, 0-10W where
most of the precipitation changes occur in our analysis, rainfall rates for WRF-Chem
are 0.05 - 0.25 mm/hr, while CloudSat rainfall rates are 0.05-0.5 mm/hr.

Cloud droplet concentrations from MODIS are compared with WRF-Chem (fig.
2.29). The model accurately represents the spatial extent of high Nd values extending
in a northeasterly arc from the Angolan coast towards the equator. Nd concentrations
for MODIS and the model are both in the 80-100 ¢m ™3 range in this area. WREF-
Chem’s highest mean values of Nd extend further offshore than MODIS.

Ao et al. (2012) described a method for determining planetary boundary layer
height (PBLH) from GPS radio occultation (GPSRO) measurements (via the COS-
MIC instrument). PBLH is defined as the height at which the vertical gradient of the
refractivity is a minimum. Refractivity is related to the thermodynamic properties of

the atmosphere through the relationship:

P P,
N = CLlT + GQF

where T is the temperature, P is the total pressure, P, is the water vapor partial
pressure, with constants a; = 77.6K/hPa and ay = 3.73210°K? /hPa. PBLH can be
determined in many ways; refractivity PBLH was chosen because it is measured to
high vertical accuracy and in the model, it is well-defined over the whole domain and

agrees fairly well with other metrics over the marine Sc zone (not shown). PBLH from

COSMIC and WRF-Chem are shown in fig. 2.30. The model differs from the GPSRO
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Figure 2.29: Comparison of mean cloud droplet concentration (cm™2) from MODIS
with model.
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Figure 2.30: Comparison of mean planetary boundary layer height (km) from COS-
MIC with model.
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Figure 2.31: Comparison of standard deviation of planetary boundary layer height
(km) from COSMIC with model.
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Figure 2.32: Comparison of vertically averaged cloud droplet effective radius (microns)
from MODIS with model.

observations most strongly in the Sc-Cu transition region north of the equator, likely
because the model does not include shallow convection in the interest of sustaining low
clouds in the Sc region. The model also simulates an unrealisitcally shallow boundary
layer near the coastline, a problem that has been observed in WRF-Chem previously
([81]). Beyond these issues, the model and observations both show local minima off
the Angolan coast with deepening boundary layers to the southwest. The model and
observations display variability in the same areas (fig.2.31) except the GPSRO has
much lower variability in general.

Mean MODIS retrieval of daytime estimated effective cloud droplet radius is com-
pared to the mean simulated value of vertically averaged effective cloud droplet radius
in fig. 2.32. The WRF-Chem R, is calculated from a simple parameterizaton from
Martin et al. ([71]) relating R with Ry, the volumetric average radius if the cloud
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Figure 2.33: Comparison of cloud top height from MODIS with model.

liquid water were distributed equally over all cloud droplets.
R} =kR®

where k£ = 0.8, a typical value for marine stratocumlus, is used. WRF-Chem
captures the general pattern and magnitude of mean R, in the stratocumlus area,
with mean R, between 12-20 microns.

MODIS cloud top height is calculated according to Zuidema and Painemal et al

([113]) from cloud-top temperature and sea surface temperatures. WRF-Chem cloud
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Figure 2.34: Comparison of above cloud aerosol optical depth from CALIPSO with
model.

top heights are taken directly from the model as the height of the highest cloudy layer
in the model at any given place and time. These metrics compare very well in the
mean (fig. 2.33) over most of the ocean, except near the Angolan coast where the
model PBL heights are too shallow. Cloud top height is related to boundary layer
depth, but ultimately more important for considering cloud-aerosol intersections, so

the faithful representation of cloud top height boosts our confidence in the model.

2.2.3 Aerosols

The models most egregious errors occur in its ability to simulate accurate aerosol
mass concentrations. Formenti et al ([29]) collated aircraft measurements of several
compounds detected in biomass burning plumes during the SAFARI2000 campaign.
These data were collected in the region 16-24°S, 11-18°E between 2-6 km between
5-10 September, 2000 and reported in units of ng m™3) at standard temperature

and pressure. Fig. 2.35 shows time series during July - Oct 2007 of several species
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Figure 2.35: Accumulation and aitken mode concentrations of organic carbon, SO3 ™,
NH7 ,NO;3 16-24S, 11-18E, 5-10 Sept 2007. Units ng/m3 at STP.

averaged over the same horizontal region as Formenti et al ([29]). Modeled sulfate,
which reaches concentrations of 1500 ng m~3), compares reasonably well to observed
values of 198441509 ng m~3). Ammonia values, at 200-300 ng m~3) are only a third
of the observed values of 910£758 ng m—3). Organic carbon aloft rarely exceeds 200
ng m~?), a small fraction of the 615043628 ng m~?) reported by Formenti et al ([29]).

The issues with aerosol mass representation are reflected in the aerosol optical
depth predictions. Fig. 2.34 shows how CALIPSO often detects aerosol optical depths
above cloud up to 0.20, with mean values near 0.15 in many places. WRF-Chem,
meanwhile, produces above-cloud AODs that average 0.08 or less in most places.
The model is able to generate plumes of aerosols with CCN concentrations exceeding
300-400 per cc, but the optical depths simply dont reflect that. Adjusting the internal-
mixing mechanism didnt particularly help (not shown). The exclusion of absorbing
aerosols from the model likely accounts for some of the errors. WRF-Chem also tends
to badly underestimate secondary organic aerosol production ([50],[5]) which it is
possible to address by using alternate chemistry mechanism, but those mechanisms

unfortunately do not work with aerosol indirect effects. The input data for savanna
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Figure 2.36: Comparison of mean Angstrom exponent from MODIS with model.

fires are also likely biased low relative to other emissions datasets (e.g. RETRO), as
noted by Weidenmyer et al ([106]). This discrepancy in AOD means we need to scale
the optical metrics used to determine the presence of aerosols in the model. Impacts
from aerosols on clouds are very likely underestimated.

The model does a much better job representing the wavelength dependence of
aerosol optical depth, the Angstrom exponent (fig. 2.36). Angstrom exponent values

of 1-2 are typical of biomass burning aerosols. WRF-chem produces a broad area



67

MODIS Std Dev

0.6
0.5
0.4
0.3
0.2
0.1

WRF-Chem Std Dev 0.2

0.18
0.16
0.12
0.1
0.08
0.06
0.04
0.02
0

Figure 2.37: Comparison of standard deviation of Angstrom exponent from MODIS
with model.
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of such values, suggesting the model disperses biomass burning aerosols more widely
than the real world. Since dust is turned off in the model, BB aerosols are also the
dominant contributor to the mean Angstrom exponent, which may help explain the
spatial differences. Both MODIS and WRF-Chem show variability in the Angstrom
exponent in the south of the domain, while WRF-Chem is has too little variability
off the Angolan coast (fig 2.37).

AERONET data offers the best comparisons for AOD and Angstrom exponent.
AERONET ground stations collect data continuously for the whole column during
clear-sky daytime conditions. Unfortunately, only a few stations exist in the area
of interest, and these are shown here. Mongu, Zambia is a continental site with 15
years of data located near the biomass burning source regions . Observed 440-675
nm Angstrom exponents at Mongu agree well in the mean with 400-600nm Angstrom
exponents from WRF-Chem, but have a much larger spread— the model produces
outliers only at lower and higher values(fig. 2.38). Observed 500nm AOD typically
exceeds modeled 500nm AOD, with the models 75th percentile approximately equal to
AERONETS 25th percentile (fig. 2.38). The spread of AOD values in WRF-Chem is
also erroneously narrow. The same discrepancies in the spread of Angstrom exponents
and deficiencies in AOD can be seen at the Etosha Pan, Namibia site, which is near
the coastline (figs. 2.39). At Ascension Island, located 4000km off the coast in the
Atlantic Ocean, the same problems persist (figs. 2.40).

There are a number of metrics one could use to detect an aerosol layer: a threshold
of AOD, an extinction coefficient, a concentration of particles, a concentration of CCN,
or some other chemical or optical property. For comparisons to CALIPSO aerosol
layers, we use an extinction threshold of 0.02 to most closely mimic the capabilities of
the LIDAR sensor (e.g. [109]). CALIPSO layer detections happen within a swath and
the distribution of values from the swath are included in the processed data; for these
comparisons of highest aerosol layer, the median value is used, and then averaged in

time. For WRF-Chem, a single value of the highest aerosol layer is used. WRF-Chem
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Figure 2.38: Comparison of clear sky aerosol optical depth and Angstrom exponent

from AERONET at Mongu with model.
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Figure 2.39: Comparison of clear sky aerosol optical depth and Angstrom exponent
from AERONET at Etosha Pan with model.
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Figure 2.40: Comparison of clear sky aerosol optical depth and Angstrom exponent
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Figure 2.41: Comparison of mean highest aerosol layer determined by CALIPSO with
model estimate based on same 0.02/km detection threshold.
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Figure 2.42: Comparison of standard deviation highest aerosol layer determined by
CALIPSO with model estimate based on same 0.02/km detection threshold.
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generates lofted aerosol layers at 3-4 km near the source region, similar to CALIPSO
(fig. 2.41). The height of the highest aerosol layer declines off-shore, albeit more
strongly for WRF-Chem (to 1-2km vs 2-3km). CALIPSO has a much larger area
of lofted aerosols, possibly because more aerosols (e.g. dust) are represented in the
observations. WRF-Chem assigns more variability in the continental interior, whereas

CALIPSO detects more variability over the oceans (fig 2.42).

2.2.4  Summary of WRF-Chem Comparisons to Observations

WRF-Chem simulations of meteorology, cloud variables, and aerosol variables were
compared to reanalysis, remote sensing, and ground observations. The most pressing
concern is that WRF-Chem aerosol mass concentrations are biased low by a factor
of 2-3 overall, with the main discrepancy existing in the mass of organic compounds.
These biases are reflected in the aerosol optical depth, which is a factor of 2-3 too
low relative to observations. Consequently, aerosol-driven responses in the model will
likely be underestimated.

WRF-Chem produces very good representations of the meteorology, including
height and wind fields. Cloud properties are fairly well represented, particularly the
cloud fraction and droplet concentration. On average, liquid water path is overesti-
mated while rain rates are underestimated. Responses in these variables should be

considered in this context.
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Chapter 3
RESULTS

3.1 Mean Differences between Simulations with and without biomass
burning (non-carbonaceous) emissions

3.1.1  Cloud and lower tropospheric properties

Two model simulations were analyzed: BBon and BBoff. These simulations were set
up in identical ways except for the inclusion of Southern African biomass burning
aerosols in BBon. They are forced with the same meteorological conditions every six
hours and with the same chemical boundary conditions (both lacking organic carbon
to minimize aerosol advection from sources external to the domain). Mean differ-
ences between BBon and BBoff are therefore interpreted as being caused by aerosol
macrophysical and microphysical effects, which may include impacts on intra-domain
meteorological variability. Differences in means are determined to be statistically
significant at the 1-sigma level after accounting for autocorrelation.

Concentrations of CCN (for supersaturation S = 0.2%) at 850hPa in the BBon
simulation exceeded those in BBoff by 20-100cm™ on average (fig. 3.1). BBoff
has aerosol sources from secondary oxidation of non-combustion biogenic emissions,
industrial emissions, DMS and non-open burning. The positive contribution from
Southern African open burning represented by the difference BBon-BBoff of CCN
is concentrated between 2.5°N - 10°S latitude, but extends southward and to the
western edge of the domain. The increase in CCN at 850hPa coincides spatially with
a strong (20-90cm™3) average increase in the cloud droplet concentration (fig. 3.3)
as the aerosols entrained into the boundary layer uptake liquid water to form cloud

droplets. These droplets are, on average, 0.5-3.5 microns smaller (fig. 3.4), in spite
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Figure 3.1: Mean values of CCN at 4km (per ¢m?®) for simulations (left to right)
BBon, BBoff, and the difference between BBon - BBoff
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Figure 3.2: Mean values of cloud liquid water path (g/m?) for simulations (left to
right) BBon, BBoff, and the difference between BBon - BBoff

of increased liquid water path (fig. 3.2). An increase in cloud droplet concentration
and a decrease in effective cloud droplet radius together indicate the potential for
significant aerosol indirect effects as cloud properties respond to changes in their
microphysics ([7],[78]). The set of modeled responses is shown to be consistent with
these anticipated aerosol indirect effects.

Precipitation was strongly suppressed in the region of enhanced cloud droplet con-
centration and diminished effective radius. Smaller droplets collide and coalesce less
efficiently, which tends to reduce the production of drizzle droplets. Fig. 3.5 shows
the fractional decrease in precipitation. The change in cloud droplet size and con-

centration associated with biomass burning aerosols was co-located with an average
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Figure 3.3: Mean values of vertically averaged cloud droplet concentration (cm™?) for
simulations (left to right) BBon, BBoff, and the difference between BBon - BBoff
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Figure 3.4: Mean values of vertically averaged cloud droplet effective radius (um) for
simulations (left to right) BBon, BBoff, and the difference between BBon - BBoff
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decline in precipitation of 30-60%. This strong decline in precipitation allows clouds
in the region to retain a greater quantity of liquid water, which contributes to an av-
erage increase in cloud liquid water path by 10-25 -%. Wilcox et al. ([108]) observed
a similarly strong increase in liquid water path, which this study was able to replicate
despite the exclusion of absorbing aerosols in the model simulations.

We might reasonably expect the strong suppression of precipitation to influence
the turbulent kinetic energy of the marine cloud-topped boundary layer. As drizzle
droplets form, they release latent heat that warms the cloud layer and tends to di-
minish the buoyant production of turbulent kinetic energy, especially in downdrafts.
Drizzle falling beneath the cloud-base causes evaporative cooling in the boundary
layer which further diminishes turbulent mixing. Consequently, precipitation produc-
tion tends to diminish the turbulent kinetic energy of the marine boundary layer.
Strongly suppressed precipitation would tend to increase the net boundary layer tur-
bulent kinetic energy, which is precisely what we see in the model results (3.6) as
TKE is increased 0.5-1.5 ’ZL—; in the region of strong precipitation suppression. The
area of enhanced TKE is co-located with low cloud top heights increased by 25-100
meters (3.7) which suggests the increased turbulence is driving greater cloud-top en-
trainment, deepening the cloud-topped boundary layer.

Low cloud cover responds negatively to enhanced cloud-top entrainment of drier
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Figure 3.6: Mean values of net boundary layer turbulent kinetic energy (T—;) for

simulations (left to right) BBon, BBoff, and the difference between BBon - BBoff
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Figure 3.7: Mean values of mean low cloud-top height (km) for simulations (left to
right) BBon, BBoff, and the difference between BBon - BBoff
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Figure 3.8: Mean values of low cloud frequency for simulations (left to right) BBon,
BBoff, and the difference between BBon - BBoff

air from the free troposphere. Mean low cloud frequency maps for BBon and BBoff
are shown in figure 3.8. BBon has 5-15% fewer low clouds than BBoff in the region
off the Angolan coast from 0-20 ° S latitude where the cloud droplet concentration,
effective radius, and turbulence signals are maximal. Low cloud cover and lower tro-
pospheric stability (the vertical difference between potential temperature at 800hPa
and potential temperature at 1000 hPa (similar [56])) are closely related: Decreased
stability is associated with diminished moisture supply to the boundary layer which
can reduce stratocumulus clouds, and reduced low cloud cover during daytime results
results in a warmer sea surface reflected in reduced stability. Enhanced turbulent
kinetic energy would be reflected in lower LTS, and increased cloud-top entrainment
might evaporate low clouds. While it is difficult to determine the precise nature of the
relationships among these cloud and boundary layer variables, the set of responses
strongly suggests significant aerosol indirect effects stemming from changes in cloud
droplets and precipitation rates. Notably, the modeled LWP response mimics previ-
ous research results including absorbing aerosols, while the low cloud and stability

responses appear to oppose the findings of previous researchers ([108],[85]).
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Figure 3.9: Mean values of lower tropospheric stability (500 — 6,000, K) for simula-
tions (left to right) BBon, BBoff, and the difference between BBon - BBoff
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3.1.2  Aerosol and Aerosol layer properties

Aerosol layer properties, including their frequency, vertical extent, and height above
clouds, are discussed for both model simulations to facilitate later analysis of the
impact of these layers on cloud variability. The detection of aerosol layers relies on
choosing a threshold 550 nm extinction coefficient, which is a diagnostic variable
within WRF-Chem. The 550 nm extinction coefficient is used by CALIPSO as well
to detect aerosol layers; the exact threshold is somewhat uncertain because the lidar
measures backscatter, and the extinction to backscatter ratio (the lidar ratio) must
be specified for BB aerosols ([76]). CALIPSOs detection threshold is approximately
0.02 km™? ([109]) for BB aerosols above clouds, which allows measurements of aerosol
optical depth (fig. 2.34) and aerosol layer frequency. Fig 3.10, courtesy of Meloe
Kacenelenbogen (NASA AMES) shows percent frequency of aerosols above clouds
(AAC) for July-October 2006-2012. Both AOD and AAC counts were used to esti-
mate an equivalent detection threshold for our model simulations, which we showed
previously, underpredict the aerosol loading in the free troposphere. The ratio of
model AOD to CALIPSO AOD suggests that a multiplier of 1.5-3.2 is appropriate to
scale up the model AOD, or equivalently, scale down the extinction threshold used in

the model for finding layers by a similar multiplier. Different thresholds were tested
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Figure 3.10: July - Oct 7 year mean value of CALIPSO frequency of aerosols detected
above clouds.

within this range. An extinction coefficient threshold of 0.01 km™? (e.g. a multiplier
of 2) was found to produce AAC frequency and scaled AOD that best resembled the
observational data. Scaled AOD is shown in fig. 3.11, and AAC frequency for both
BBon and BBoff are shown in fig. 3.12. In the BBon simulations, aerosol layers were
detected above clouds 20-45% of the time with a strong local maximum off the coast
at 10°S between 10°E and 0°E. In the BBoff simulations, AL were detected with a

frequency of 0-17%, with most grid-points less than 10% frequency (fig. 3.12).
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Figure 3.11: Mean value of above-cloud AOD from BBon simulation, scaled by a
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Figure 3.12: Mean values of frequency of aerosols above cloud using modified thresh-
old, for simulations (left to right) BBon, BBoff, and the difference between BBon -
BBoft
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Figure 3.13: Combined frequency and distribution (CFAD) diagrams for 550nm ex-
tinction coefficient in BBon and BBoff. Extinction coefficient on x-axis, frequency in
color.

Figure 3.13 shows combined frequency and distribution (CFAD) diagrams for
550nm extinction coefficient in BBon and BBoff. Data are binned first by height
and then by magnitude, and instances are counted. The color scale ranges from 0 to
12 * 10° occurrences among the 86 * 10° hourly lat x lon data. Aerosols are present
in both model simulations from several sources including DMS, so both simulations
show low extinction coefficients at all levels, and frequent moderate extcof values near
the surface. Consistent with Fig. 3.12, BBon has more frequent extcof exceeding the
0.01 km™! threshold lofted above the surface than BBoff, but BBoff still has some
lofted layers. We shall see later how the presence of non-biomass burning aerosols
contributes to atmospheric conditions during synoptic-driven transport events.

Bearing in mind that the frequency of aerosol layers above clouds is considerably

higher for BBon vs BBoff, we can consider the vertical geometry of these layers when
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Figure 3.14: Mean values of lowest altitude of aerosols above cloud (km), for simula-
tions (left to right) BBon, BBoff, and the difference between BBon - BBoff
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Figure 3.15: Mean values of vertical distance between aerosol layer and underlying
cloud (km), for simulations (left to right) BBon, BBoff, and the difference between
BBon - BBoff
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they do occur. Microphysical cloud aerosol effects can only occur when the base
of the aerosol layer intersect with cloud-tops. This requires that both cloud and
aerosol layers occur simultaneously, and the cloud top height exceeds the height of
the lowest aerosols. Since the presence of biomass burning aerosols influences the
cloud top height via indirect aerosol effects, it may also alter the likelihood of those
same microphysical interactions. The cloud top heights are increased on average by
25-100 meters (fig. 3.7) in the region 8.5-20°S, 0-10°W where the both rain rates
and boundary layer turbulence responded to increased aerosol loading in the BBon
simulation. On average, the height of the aerosol layer base is 100-600m greater
under the influence of biomass burning in these simulations (fig. 3.14). The aerosol
layer base altitude increases over a broad area extended to the coastline, where low
clouds are frequently (50-60%) present (fig. 3.8). The increase in aerosol layer base
on average exceeds the increase in cloud top heights over much of the low cloud areas
so we might expect fewer opportunities for aerosol-cloud microphysical interactions
in the presence of biomass burning aerosols. The vertical separation between aerosols
and clouds, calculated at each time step, demonstrates 100-600m increases near the
sub-equatorial western coast of Africa, consistent with the increase in aerosol base
height (fig. 3.15). However, the average vertical separation actually decreases slightly
in the region of increased cloud top heights, suggesting perhaps enhanced likelihood
of microphysical interactions in the area where we have evidence the microphysical

impacts are most significant.

3.2 Differences between Strong Easterly Flow and Weak Easterly or
Westerly Flow

3.2.1 FEstablishing the meteorological flow metric

Many different quantities were tested to find a time-dependent meteorological met-
ric to represent large-scale meteorological variations in aerosol and cloud fields. The

metric needed to be a meaningful measure of large scale flow; similar between BBon
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Figure 3.16: Time-series of daily averages of of the zonal 600hPa wind near the coast
and the 4km CCN (at S = 0.2%, in cm™?) off the coast (12.5°S-2.5°S, 8.5°E-15.5°W)

and BBoff; with reasonable correlations with aerosols and cloud cover; and related
to differences in other fields that are large enough to establish statistical significance
with relatively few samples (123 days, less 10 days spin-up). 600hPa zonal wind near
the Angolan and Namibian coasts (2.5°S to 12.5°S) was chosen to represent mete-
orological variability, and correlates particularly well with modulation of westward
aerosol transport associated with a strengthening of the synoptic scale high pressure
in the domain.

To construct the flow metric, the 600hPa zonal wind between 2.5°S-12.5°S was
averaged over several longitude points near the coast (5.5°E to the coast at 8.5°E) to
obtain smoother estimates. Daily averages were computed to reduce noise and a linear
trend was removed to minimize seasonal influence and obtain a more statistically
stationary time series focused on short-term weather variations. The sign is reversed

so that strong positive values are associated with westward offshore transport events.
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Figure 3.17: Time-series of the daily wind metric and the 3-day running mean of low
cloud fraction off the coast (12.5°S-2.5°S, 8.5°E-15.5°W)

Figure 3.16 shows time-series of daily averages of of the zonal 600hPa wind near
the coast and the 4km CCN (S=0.2%) off the coast (in the box 12.5°S-2.5°S, 8.5°E-
15.5°W, where aerosol loading coincides with cloud cover). Signs are flipped so that
positive flow is synonymous with off-shore flow. Data for BBon and BBoff simulations
are shown. Later, we show how aerosol and cloud fields composited on the flow
metric change. In fig. 3.16, markers are used to indicate where (on the CCN series),
the standardized flow metric exceeds (or falls below) 70th (or 30th) percentiles of
its distribution. This provides a sense of which CCN values are included in the
composite populations. The zonal flow is very similar between BBon and BBoff;
despite some differences in magnitudes, the time series peaks and troughs coincide
which is important in a compositing sense. Beginning in mid-August, the winds

exhibit extended 7-10 day easterlies aloft which is associated with increased CCN
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Figure 3.18: Time-series of the daily wind metric and the daily mean of CCN4 at
4km (at S = 0.2%, in cm™3) off the coast (12.5°S-2.5°S, 8.5°E-15.5°W)

concentrations off the coast — in both simulations, but particularly for the BBon case.
These extended periods of stronger easterly flow are likely necessary to transport
acrosols far off the coast, a process that Swap et al ([93]) estimated takes 7-10 days.
Curiously, BBoff and BBon have similar CCN at 4km from mid-October to the end of
the simulation period, suggesting perhaps a biogenic SOA source or a flux of aerosol
precursors from the boundaries.

As expected, in general the strongest responses in aerosol and cloud variables
are lagged 1-2 days behind the coastal off-shore flow metric (e.g. lagged correlations
between off-coast CCN4 and the flow metric, fig. 3.19). Fig 3.18 shows time-series
from BBon of anomalies of the flow metric and 4km CCN (S = 0.2%) with a +1 day
lag applied to the wind metric. The correlation between these time-series is R = 0.64,

with an even stronger correlation (R = 0.83) for the period after mid-August. Fig
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Figure 3.19: Lagged Correlation between wind metric and CCN4 at 4km (at S = 0.2%,
in cm™?) off the coast (12.5°S-2.5°S, 8.5°E-15.5°W)
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Figure 3.20: Lagged Correlation between wind metric and daily low-cloud fraction off
the coast (12.5°S-2.5°S, 8.5°E-15.5°W)
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Figure 3.21: Liquid water path (g/m?) for the BBon simulation: difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.

3.17 is analogous to fig. 3.18, except that a 3-day running mean of low cloud fraction
within the box is plotted instead of CCN. Low cloud fraction exhibits much larger
temporal variability than zonal flow so it is helpful to consider the strength of their
relationship with some smoothing applied to the cloud field. This correlation value is
R = 0.28, a respectable value in the context of how difficult it is to construct simple
proxies for cloud variables. To put this into context, the first principal component of
the low cloud fraction field only explains 10% of the low cloud fraction variance in
the BBon simulation, and previous authors have considered correlation coefficients of
INSERT to be adequate. Without the 3-day running mean, R = 0.20 at lag + 1 for
low cloud and the flow metric (fig. 3.20). Taken together, the correlations between
the flow metric and CCN and low cloud fraction were considered adequate to proceed

with composite analysis.
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Figure 3.22: Liquid water path (g/m?) for the BBoff simulation: difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.
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Figure 3.23: Lower tropospheric stability (K) for the BBonsimulation: difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric. Composite differences are plotted (left to right, then
up to down) at lag times -6 to +5 days.
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Figure 3.24: Lower tropospheric stability (K) for the BBoff simulation: difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric. Composite differences are plotted (left to right, then
up to down) at lag times -6 to +5 days.
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Figure 3.25: Low cloud frequency for the BBon simulation: difference between com-
posites on the upper 30% of the wind metric minus composites on the lower 30% of
the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.
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Figure 3.26: Low cloud frequency for the BBoff simulation: difference between com-
posites on the upper 30% of the wind metric minus composites on the lower 30% of
the wind metric. Composite differences are plotted (left to right, then up to down)

at lag times -6 to +5 days.



96

0 20 40 60 80 100

Lag‘=
10°W 0

W s £- s ‘-
1wL%g_1;;zdazyEm E

0

Figure 3.27: 4 km CCN (at S = 0.2, cm™®) for the BBon simulation: difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric. Composite differences are plotted (left to right, then
up to down) at lag times -6 to +5 days.
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Figure 3.28: 4 km CCN (at
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S = 0.2, cm™3) for the BBoff simulation: difference

between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric. Composite differences are plotted (left to right, then
up to down) at lag times -6 to +5 days.
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Figure 3.29: Sea level pressure (hPa) for the BBoff simulation: difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.
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Composites of meteorological variables on the wind metric demonstrate the metrics
ability to represent synoptic-scale meteorological variability. First, 70th and 30th
percentiles are computed for the flow metric. Then, days when the flow metric exceeds
the 70th percentile or falls below the 30th percentile are used to select co-incident
fields of meteorological, aerosol, and cloud fields which represent the upper and lower
ends of the flow distribution, respectively. Composites are computed of these upper
and lower populations and differences (upper - lower) are shown at lag times from -5
to +6 days to illustrate the differences in the field associated with the meteorological
cycle represented by the flow metric. The range of lags is chosen to capture the full
extent of an aerosol transport event (e.g. fig. For the large-scale meteorological fields,
no significance tests are applied because we simply wish to show the synoptic setup
associated with the wind metric. For other fields, 1-sigma significance is enforced,
which is considered preliminary pending several more years worth of simulations to
allow for the degree of autocorrelation present in most fields.

Strong easterly flow is associated with a 20-80m strengthening of the subtropical
high in the 500hPa height field that precedes the maximal easterly flow by 3 days
and continues for +2 days afterwards. The subtropical high aloft also shifts east-
wards towards the continent, a result supported by observations (P.Zuidema, personal
comm.). Stronger easterly winds, stronger northerly winds over the continent, and
stronger southerly winds off the coast at these same lag times indicate a strengthening
of cyclonic flow associated with the subtropical high. At the surface, sea level pressure
response to the offshore flow metric is characterized by 3-5 hPa lower pressure at lag
times -3 to +2 days (fig. 3.29), which is associated with weaker anticyclonic flow.

The strengthening of the subtropical anticyclonic circulation transports increased
quantities of aerosols off the western coast, as expected from the timeseries of the
flow metric and CCN. Composite differences in the 4km CCN (S = 0.2%) field are
shown in fig. 3.27 which illustrates a coherent plume of CCN as it emerges from

the continent and wafts westward until it exits the domain. The magnitude of the
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Figure 3.30: 500 hPa geopotential height (km) for the BBon simulation: difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric. Composite differences are plotted (left to right, then
up to down) at lag times -6 to +5 days.
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Figure 3.31: 600 hPa meridional wind (m/s) for the BBoff simulation: difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric. Composite differences are plotted (left to right, then
up to down) at lag times -6 to +5 days.
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Figure 3.32: 600 hPa zonal wind (m/s) for the BBoff simulation: difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.
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Figure 3.33: 800 hPa potential temperature advection (K/hr) for the BBon simu-
lation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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Figure 3.34: 800 hPa potential temperature advection (K/hr) for the BBoff simu-
lation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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Figure 3.35: 1000 hPa potential temperature advection (K/hr) for the BBoff simu-
lation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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composite differences within BBon are comparable to the maximum mean difference
between the the BBon and BBoff simulations, and the composite difference over the
ocean exceeds the mean difference BBon - BBoff. This means that differences in
fields of BBon composited on the flow metric are reflecting differences due to both
aerosols and the large-scale meteorology. However, differences in the same fields of
BBoff composited in the same way represent the response to the (same) large-scale
meteorological pattern with a much smaller aerosol influence(fig. 3.28). By comparing
composites drawn from BBon and BBoff data, we can make quantitative estimates of

the relative influences from aerosols and meteorology.

3.2.2 Cloud/Lower Tropospheric response to meteorological flow metric

The strengthening of the subtropical high pressure aloft and intensification of offshore
easterly winds occurs against a backdrop of large temperature gradients between the
cool marine environment and the hot equatorial continental surfaces. Unsurprisingly,
the intensification of the easterly flow is accompanied by significant 0.1-0.2 K/hr
increases in potential temperature advection at 800 hPa which is similar in both
model simulations (figs. 3.33, 3.34). Near the surface, the potential temperature
advection response to the meteorological cycle is neutral to weakly positive in the
coastal zone (3.35). The influence of the synoptic cycle on potential temperature
advection can be seen in the vertical profile of potential temperature calculated over
the subregion 2.5-12.5°S-8.5°E-15.5°W which shows substantial warming associated
with the meteorological cycle for both BBon and BBoff of 1.8K and 2.4K, respectively,
at 820 hPa (fig. 3.36). Consequently, the lower tropospheric stability is 2-4 K larger
during peak offshore flow for both the BBon and BBoff simulations (figs. 3.23,3.24).

The wind-driven changes in lower tropospheric stability are reflected in significant
increases in the low cloud fraction present in both simulations. Low cloud fraction at
lag times 0 to +5 days after an easterly transport event is greater by 0.3 - 0.4 for the
BBon simulation (fig. 3.25). For the BBoff case, low cloud fraction increases 0.2 - 0.3
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Figure 3.36: Potential temperature, vertical profiles in the region 12.5°S-2.5°S, 8.5°E-
15.5°W. Four quantities are shown: 1. difference between mean BBon and mean
BBoff; 2. difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric for BBon; 3. difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric for BBoff; 4. difference between composites on the upper 30% of

the wind metric for BBon minus composites on the upper 30% of the wind metric for
BBoft.
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in the same area for lags +1 to +4 days over a smaller area (fig. 3.26). To put these
responses in context, we showed earlier that the low cloud fraction decreases by 0.10
- 0.15 in response to aerosols (fig. 3.8). The increase in low cloud fraction associated
with variability in the synoptic high are similar in magnitude to the increased cloud
fraction observed in the presence of absorbing aerosols ([108]). These results suggest
a possible confounding influence of warm air advection on lower tropospheric stability
during periods of high aerosol loading.

Liquid water path also demonstrated a strong, but opposite sign, response to the
synoptic cycle relative to aerosol-driven responses. LWP decreases strongly in the
days before and after peak easterly flow for both the BBon (fig. 3.21) and BBoff (fig.
3.22) simulations. LWP is lower by 20-30 g m-2 over a broad region of the tropical
S.E. Atlantic Ocean for both simulations. The similarity in the LWP response to the
flow metric between the models suggests it is mainly associated with meteorological
variability. This difference is about twice as large and opposite sign as the mean
difference between BBon and BBoff that we presume is due mainly to aerosol vari-
ability (3.2). The cloud liquid water path response is explored in more detail for the
subregion 2.5° S -185°5,85° E-15.5° E.

As the liquid water path decreases, effective droplet radius decreases by 3-5 mi-
crons for both simulations, with larger changes occurring south of 10°S and east of
the prime meridian (figs. 3.37, 3.38). These Re changes are larger but of the same
sign as those associated with aerosols alone (fig. 3.4), although the spatial pattern is
focused further south and seem to be driven by the strong reductions in liquid water
availability. The apparently strong influence of liquid water path on effective radius
during variations in the synoptic cycle may lead to overestimates of cloud albedo

susceptibility to aerosols in the observational data.
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Figure 3.37: Vertical mean cloud droplet effective radius (um) for the BBon simu-
lation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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Figure 3.38: Vertical mean cloud droplet effective radius (um) for the BBoff simu-
lation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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Figure 3.39: Frequency of aerosol layers above clouds for the BBon simulation: dif-
ference between composites on the upper 30% of the wind metric minus composites
on the lower 30% of the wind metric. Composite differences are plotted (left to right,
then up to down) at lag times -6 to +5 days.
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Figure 3.40: Frequency of aerosol layers above clouds for the BBoff simulation: dif-
ference between composites on the upper 30% of the wind metric minus composites
on the lower 30% of the wind metric. Composite differences are plotted (left to right,
then up to down) at lag times -6 to +5 days.
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Figure 3.41: Base altitude of aerosol layers above clouds (km) for the BBon simulation:
difference between composites on the upper 30% of the wind metric minus composites
on the lower 30% of the wind metric. Composite differences are plotted (left to right,
then up to down) at lag times -6 to +5 days.

3.2.8 Aerosol Layer(s) response to meteorological flow metric

The response of the aerosol layer variables to the flow metric are consistent with
the mean differences between BBon and BBoff, and with the CCN pattern associated
with easterly flow. Figs. 3.39 and 3.40 show the differences in the frequency of aerosol
layer above cloud (ALAC) occurrence between the upper 30% and lower 30% of the
easterly flow metric for BBon and BBoff, respectively. Unsurprisingly, the patterns
of ALAC frequency resemble the progression of CCN for both simulations; BBon had
10-20% more frequent ALAC during peak easterly flow while BBoff had 5-10% more
frequent ALAC at these times.

The altitude of the base of the aerosol layer above clouds is an important measure
of the potential for aerosol-modulated cloud microphysical responses. Figs. 3.41 and

3.42 show the response of the base height of ALAC to the synoptic pattern represented
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Figure 3.42: Base altitude of acrosol layers above clouds (km) for the BBoff simulation:
difference between composites on the upper 30% of the wind metric minus composites
on the lower 30% of the wind metric. Composite differences are plotted (left to right,
then up to down) at lag times -6 to +5 days.
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Figure 3.43: Cloud top height (km) for the BBon simulation: difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.

by the easterly wind metric. For both BBon and BBoff the base of the aerosol layer
above cloud is elevated 0.5-1km during peak easterly flow. The area of elevated ALAC
base is more widespread in BBon and more consequential as it has these layers much
more frequently. But whatever is driving the relative lifting of the aerosol layers away
from the cloud deck is related to the meteorology and happens in both simulations.
In fact these changes associated with the wind metric are larger or comparable to
the mean difference in BBon-BBoff (fig. 3.14), presumably associated mainly with
aerosols.

Recall that in the mean differences between BBon and BBoff, the vertical sep-
aration between aerosol layers and their underlying clouds in BBon was 100-300 m
higher than in BBoff (fig. 3.15). The response of the vertical separation to the mete-
orological metric is also positive, and ranges from 200-600 m (figs. 3.45,3.46). BBon
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Figure 3.44: Cloud top height (km) for the BBoff simulation: difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric. Composite differences are plotted (left to right, then up to down)
at lag times -6 to +5 days.
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Figure 3.45: Vertical separation between aerosol and cloud layers (km) for the BBon
simulation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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Figure 3.46: Vertical separation between aerosol and cloud layers (km) for the BBoff
simulation: difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric. Composite differences are plotted
(left to right, then up to down) at lag times -6 to +5 days.
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and BBoff show a similar response, although again, the response in BBoff is only
as important as an indicator that the effect is associated with meteorology since the
layers themselves are infrequent. The aerosol layers above clouds are lofted higher as
the lag time increases from -4 days to 0 days, and remain high until +5 days after
peak easterly flow. The increase in the aerosol - cloud separation occurs as both the
aerosol layer is lofted higher (figs. 3.41, 3.42), and the cloud layer sinks lower (figs.
3.43,3.44) as if the cloudy and polluted layers were repulsed like magnets away from
one another; that is, the meteorological conditions that favor offshore transport also
favor a greater separation between clouds and aerosols. In the mean difference be-
tween BBon and BBoff, which were loosely interpreting as aerosol-driven, the clouds
and the base of the aerosol layer are both higher for BBon vs BBoff, but the distance
between them increases due to the aerosol layer lofting further than the cloud layer.
So we see increases in the vertical separation associated with the variability in both

the aerosols and the meteorology, but in different ways.

3.3 Cloud and Aerosol Co-variations in Subregion during Synoptic Cy-
cle

This research has revealed a complicated set of responses to an enhancement of the
subtropical high pressure in the Southeast Atlantic which is represented by the east-
erly flow metric. Stratocumulus cloud properties, lower tropospheric atmospheric
conditions, and aerosol layer geometry have been shown to co-vary in coherent ways
as the easterly flow peaks and subsides. In this section, we zoom in on the subregion
2.5 °5-185° S, 85 ° E-15.5 ° W where aerosol layers often exist above clouds, and
where there are significant co-variations among the different properties we have ex-
amined. By condensing the map results into simple figures, we can develop a physical
understanding of how the system is producing the set of modeled responses.

Figures like fig. 3.48 show a fractional difference in a quantity composited on

the synoptic flow metric. Composites are calculated at different lag times, as for the
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Figure 3.47: Liquid water path (g/rmm?) for BBon and BBoff, averaged over sub-
region 2.5 ° S - 185 ° S, 85 ° E - 15.5 ° E. Lines represent the percent difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric for each simulation, divided by the composites on the
lower 30%. Percent composite differences are plotted (left to right) at lag times -6 to
+5 days.
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Figure 3.48: Lower tropospheric stability (K) for BBon and BBoff, averaged over
subregion 2.5 ° S - 185° S, 85 ° E - 15.5 ° E. Lines represent the percent difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric for each simulation, divided by the composites on the
lower 30%. Percent composite differences are plotted (left to right) at lag times -6 to
+5 days.
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Figure 3.49: Lower tropospheric stability (K) for BBon and BBoff, averaged over
subregion 2.5 ° S -185° S, 8.5 ° E - 15.5 ° E. Lines represent the difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric for each simulation. Composite differences are plotted (left to
right) at lag times -6 to +5 days.
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800hPa Theta Advection-- Difference Composites
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Figure 3.50: Horizontal potential temperature advection at 800 hPa (K) for BBon and
BBoft, averaged over subregion 2.5°S-18.5° S, 8.5° E - 15.5 ° E. Lines represent the
difference between composites on the upper 30% of the wind metric minus composites
on the lower 30% of the wind metric for each simulation. Composite differences are
plotted (left to right) at lag times -6 to +5 days.
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1000hPa Theta Advection-- Difference Composites
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Figure 3.51: Horizontal potential temperature advection at 1000 hPa (K) for BBon
and BBoff, averaged over subregion 2.5 °© S - 18.5 ° S, 85 ° E - 15.5 ° E. Lines
represent the difference between composites on the upper 30% of the wind metric
minus composites on the lower 30% of the wind metric for each simulation. Composite
differences are plotted (left to right) at lag times -6 to +5 days.
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Figure 3.52: Horizontal potential temperature advection at 800 hPa (K) for BBon and
BBoft, averaged over subregion 2.5 ° S - 18.5° S, 85 ° E - 15.5 ° E. Lines represent
composite means on the upper 30% of the wind metric and the lower 30% of the wind

metric for each simulation. Composites are plotted (left to right) at lag times -6 to
+5 days.
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Figure 3.53: Horizontal potential temperature advection at 1000 hPa (K) for BBon
and BBoff, averaged over subregion 2.5° S-18.5°S,8.5° E - 15.5° E. Lines represent
composite means on the upper 30% of the wind metric and the lower 30% of the wind

metric for each simulation. Composites are plotted (left to right) at lag times -6 to
+5 days.
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previous figures. Fractional difference is defined as the difference between composites
on the upper 30% of flow minus composites on the lower 30% of flow, divided by
the composite of the lower 30%. This can be thought of as the fractional increase
(or decrease) of a quantity during stronger easterly flow relative to weaker easterly
(or westerly) flow. Analogous figures are made for the differences, and for the upper
30% composites, and the lower 30% composites. The quantity is averaged over the
subregion 2.5 ° S - 18.5° S, 8.5 ° E - 15.5 ° E to reduce noise and focus on the area
of coincident clouds and aerosols.

Lower tropospheric stability is very similar between the upper 30% and lower 30%
early in the meteorological cycle, but the differences increase approaching lag-time
zero where the LTS is 2.0K (1.6K) greater for stronger easterly wind situations for
BBon (BBoff) (fig. 3.49). As the aerosol plume moves offshore and the easterlies
subside, the differences in LTS decline to 0.2K for BBon but remain elevated at 1.5K
for BBoftf. The lagged signal in in lower tropospheric stability seems to be driven
by changes in the potential temperature advection at 800hPa and 1000hPa, as was
shown previously. Composite differences of potential temperature advection in the
subregion rises from zero at lag -6 days to a peak of 0.04 K /hr at lag zero and decrease
at subsequent lag times; this signal is very similar for both simulations (fig. 3.50).
The signal in the 1000hPa theta advection in the subregion slopes upwards as well,
to a value of 0.03K/hr at lag 0, before also descending at later lag times (fig. 3.51).
Essentially, there is enhanced warm air advection near the surface and above the
PBL during off-shore flow events but the advection aloft is stronger. The advection
aloft undergoes a sign change from cold advection (-0.01 K/hr) during weak offshore
or onshore flow to substantial warm advection (40.03 K/hr) during offshore flow
events, producing a positive signal (fig. 3.52). Cold air advection exists at the surface
regardless of the synoptic cycle as northerly currents bring in cooler air from the extra-
tropics, but this advection weakens during strong off-shore flow events, producing a

positive signal (fig. 3.53).



128

ALAC Cloud Separation -- BBon Composites
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Figure 3.54: Vertical separation between aerosol layer base and cloud top for BBon
and BBoff, averaged over subregion 2.5°S-18.5°S,8.5° E - 15.5 ° E. Lines represent
the percent difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric for each simulation, divided by the
composites on the lower 30%. Percent composite differences are plotted (left to right)
at lag times -6 to +5 days.

Lower tropospheric stability is a strong predictor of low cloud amount ([56]).
When LTS is enhanced by 18% during peak easterly flow (fig. 3.48), the low cloud
fraction is enhanced 24% for BBon (fig. 3.56). For BBoff, the 16% LTS enhancement
(fig. 3.48) gave a 17% boost in the low cloud amount (fig. 3.56). This is a fairly
straightforward result, but it is consequential for the reflectance of shortwave radiation
and the generation of additional boundary layer turbulence.

Liquid water path in the subregion is significantly smaller during strong offshore
flow events. The LWP composite difference decreases during lag times -6 to -2 days,
reaching minima of approx. -15 -% before recovering. Marine stratocumulus clouds’

liquid water depends on a steady supply of surface moisture ([111]). Sea surface
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Figure 3.55: Vertically averaged cloud droplet concentration (cm™3) for BBon and
BBoft, averaged over subregion 2.5 ° S - 18.5° S, 85 ° E - 15.5 ° E. Lines represent
the percent difference between composites on the upper 30% of the wind metric minus
composites on the lower 30% of the wind metric for each simulation, divided by the
composites on the lower 30%. Percent composite differences are plotted (left to right)
at lag times -6 to +5 days.
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Low Cloud Fraction- Percent Difference Composites
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Figure 3.56: Low cloud frequency for BBon and BBoff, averaged over subregion 2.5
°©S-185° 85,85 ° E - 15.5 ° E. Lines represent the percent difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric for each simulation, divided by the composites on the lower 30%.
Percent composite differences are plotted (left to right) at lag times -6 to +5 days.
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Vertical Velocity 850hPa -- Percent Difference
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Figure 3.57: Low cloud frequency for BBon and BBoff, averaged over subregion 2.5
°©S-185°85,85°E-15.5° E. Lines represent the difference between composites

on the upper 30% of the wind metric minus composites on the lower 30% of the wind
metric for each simulation. Composite differences are plotted (left to right) at lag

times -6 to +5 days.
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\\ @=(==BB-on
\ &= B-off
0

-8 -6 -4 -2 0 2
Lag of Quantity behind Wind Metric, Days

Ulz

W 850hPa (cm/s)

Figure 3.58: Vertical velocity at 850 hPa (cm/s) for BBon and BBoff, averaged over
subregion 2.5 ° S -185° S, 8.5 ° E - 15.5 ° E. Lines represent the difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric for each simulation. Composite differences are plotted (left to

right) at lag times -6 to +5 days.
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SST-Advection-- Percent Difference Composites
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Figure 3.59: Sea-surface temperature advection (K/hr) for BBon and BBoff, averaged
over subregion 2.5 ° S - 185 ° S, 85 ° E - 15.5 ° E. Lines represent the difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric for each simulation. Composite differences are plotted
(left to right) at lag times -6 to +5 days.
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SST-Advection-- Difference Composites
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Figure 3.60: Sea-surface temperature advection (K/hr) for BBon and BBoff, averaged
over subregion 2.5 ° S - 185 ° S, 85 ° E - 15.5 © E. Lines represent the difference
between composites on the upper 30% of the wind metric minus composites on the
lower 30% of the wind metric for each simulation. Composite differences are plotted

(left to right) at lag times -6 to +5 days.
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temperature advection reflects the strength of surface moisture fluxes from the ocean
to the atmosphere, which in turn supports more clouds. Sea surface temperature
advection is negative on average (e.g. cold SST advection) in this subregion which
helps stabilize the atmosphere and promotes low cloud formation. This advection is
0.6-0.7 K/hr more positive (e.g. weaker) during peak easterly flow for both BBon and
BBoff (fig. 3.60). This is consistent with the signal of reduced wind speed (fig. 3.62)
which also reaches minima of -0.6-0.8 m/s minima in the 1-2 days before peak offshore
flow. The reduced surface forcing results in a reduced moisture to the boundary layer
leading up to peak offshore transport: upward surface moisture flux in the subregion

is 0.03-0035 %2 smaller during off-shore flow (fig. 3.61). Weaker winds and upward

moisture surface flux result in reduced cloud liquid water path during periods of strong
off-shore flow.

The changes in vertical motion above the boundary layer, and turbulence within
the boundary layer, help explain the observation that aerosol layers lofted above
clouds tend to be higher during transport events, while their underlying clouds tend
to be lower. Vertical velocity near the boundary layer top ( 850hPa) is shown in figs.
3.57 (quantities) and 3.58 (percent change). Subsidence is reduced (e.g. more positive
values) by 30% during peak transport at lag-zero, and the reduction in subsidence
is larger for BBoff in the subsequent days. Weaker subsidence would tend to give a
deeper PBLH rather than a shallower one as is observed. It seems that the increase in
low cloud cover (3.56) is generating enough turbulence to entirely offset the decrease
in PBLH that one might expect from weaker surface stress and reduced subsidence.

Weaker subsidence in the free troposphere allows aerosol layers to remain lofted
as the move off-shore, relative to the usual scenario where strong subsidence pushes
the aerosol layers downward. At the same time, reduced boundary layer turbulence
leads to shallower stratocumulus decks. The net result is that the vertical separation
between clouds and aerosols is increased during peak offshore flow. Fig. 3.54 shows

the vertical separation for BBon (since BBoff has such infrequent layers); while the
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Figure 3.61: Upward surface moisture flux (m—@%) for BBon and BBoff, averaged over
subregion 2.5 ° S -185° S, 8.5 ° E - 15.5 ° E. Lines represent the difference between
composites on the upper 30% of the wind metric minus composites on the lower 30%
of the wind metric for each simulation. Composite differences are plotted (left to
right) at lag times -6 to +5 days.
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Figure 3.62: Surface wind speed (m/s) for BBon and BBoff, averaged over subregion
2.5°S-185°85,85°E-15.5° E. Lines represent the difference between composites
on the upper 30% of the wind metric minus composites on the lower 30% of the wind
metric for each simulation. Composite differences are plotted (left to right) at lag
times -6 to +5 days.
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mean separation is positive for both the upper and lower 30% of the wind metric, it is
250 m greater during peak offshore flow. The result is that droplet concentration (fig.
3.55) is less sensitive to the aerosols transported offshore during strong easterly flow
regimes for BBon. So while BBon has more aerosols, and higher droplet concentration
overall, the influence of the meteorology is to insulate clouds from aerosols during

easterly transport events.
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Chapter 4
CONCLUSION

In this study, we sought to characterize the impact of (1) non-absorbing biomass
burning aerosols and (2) meteorological variability on stratocumulus clouds off the
Atlantic coast of sub-Saharan Africa. We compared mean values for simulations with
and without biomass burning, but with the same meteorology, to quantify the mean
impact of these aerosols. These results showed that non-absorbing biomass burning
aerosols lead to smaller effective cloud droplet radii, fewer low clouds, reduced lower
tropospheric stability, and enhanced liquid water path. The finding of smaller effective
radii is consistent with Costantino and Breon ([21])s examination of co-located clouds
and aerosols in the study region. The exclusion of absorbing aerosols seems to have
flipped the response in low cloud fraction and LTS relative to Sakaeda et al ([85]).
However, we were able to simulate the increase in LWP observed by Sakaeda et al
([85]) and Wilcox et al ([107], [108]) which those authors attributed to the presence
of absorbing aerosols.

We were able to capture synoptic-scale variability of the subtropical high that
dominates the region using a 4 km metric of offshore coastal wind flow. In lag-time
space, this metric showed the offshore export of aerosols. By comparing variables
lagged on this metric for simulations with and without biomass burning, we were able
to quantify how this particular kind of meteorological variability influences clouds and
aerosols. The meteorology-driven responses were typically similar with and without
biomass burning, indicating that absent absorbing aerosols, the weather related vari-
ability is similar for both simulations and likely just as important as the aerosol-driven

variability. This is consistent with Mauger and Norris ([72]), George et al. ([34]), and
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Su et al. ([92]). The response to this synoptic meteorology cycle was often opposed
to the mean aerosol-mediated response: during strong vs weak offshore flow, there
were more low clouds, greater LTS, and lower liquid water path. The increase in LTS
was related to offshore potential temperature advection and was consistent with the
low cloud response. The decrease in LWP appears to be caused by diminished sur-
face moisture flux. We are interested in how cloud properties respond to meteorology
when absorbing aerosols are included, as they are in all previous studies. The impact
of meteorology was to diminish effective radius, potentially enhancing the effect of
aerosol loading.

For the first time, this study characterized aerosol-cloud layer separations in the
context of synoptic-scale meteorological variability. During peak offshore flow, a re-
duction in free tropospheric subsidence enabled aerosol layers to remain lofted as they
were exported offshore, so their base heights were typically higher. Meanwhile, stra-
tocumulus clouds were lower, possibly due to reduced turbulent kinetic energy in the
marine boundary layer. Together, this lead to increased separation between aerosol
and cloud layers during peak offshore flow events, which would serve to insulate the
stratocumulus clouds from aerosol microphysical interactions at the times of peak
aerosol loading.

In the future, we intend to include absorbing aerosols in the model simulations
and repeat the analysis to determine how absorption influences these results. In
particular, we are interested in the liquid water path and the height of aerosol layers.
Sakaeda et al ([85]) found much larger decreases in free tropospheric subsidence in a
model that included absorbing aerosols; if we see the same result, will the aerosols be
even further separated from the clouds? Together, the results excluding and including
absorbing aerosols will paint a more complete picture of how aerosols, meteorology,

and clouds interact in this region.
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