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Abstract
The Precipitation and Radiative Responses to Convective Organization in
the Tropical North Atlantic

by Juliet A. PILEWSKIE

Improved representation of the processes involved in organizing convection and
the associated high cloud feedbacks is a key challenge facing weather and climate models.
One form of convective organization that occurs in idealized numerical model simula-
tions is self-aggregation, or randomly distributed convection becoming localized despite
homogeneous boundary conditions. Convective aggregation has the potential to influence
climate by reducing the area of detrained high cloud cover and drying the mean state
of the atmosphere, which impact both precipitation production and radiative effects. In
order to assess the underlying processes influencing convective organization, four years
of CloudSat and A-train cloud, precipitation, and radiation datasets are analyzed in
the context of collocated time-evolving geostationary cloud property datasets from the
PATMOS-x climate record. It is found that convective intensity and precipitation yield
only weakly depend on large-scale circulation. Storm area increases with convective in-
tensity in strong subsidence environments more than in environments with strong ascent.
In both dynamical environments, the cooling effect of convective clouds decreases with
increasing intensity, implying that a shift toward more intense convection may transition
the high cloud feedback from a cooling effect to a neutral or possibly warming effect on

Earth’s climate.
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Chapter 1

Introduction

1.1 What is Convection?

When you turn a kettle on to boil, you notice that the water in the kettle warms
uniformly. This process, known as convection, transfers energy from warmer regions to
cooler regions. The warm regions are less dense than the cool regions, so warm water
rises and cool water sinks—allowing for the water to mix. Convection can occur not just
in liquid water, but in all fluids; thus, almost all of the vertical motions in the Earth’s
atmosphere and ocean result from convection. The prominent driver of convection in the
atmosphere and ocean is incoming solar radiation that heats the Earth’s surface. As warm
air rises from the surface and through the atmosphere, it cools, expands, and the water
vapor that it contains condenses. The phase change releases energy to the surroundings
that warms the atmosphere. Without this additional warming, the atmosphere would cool
at a much quicker rate. Thus, a balance forms between radiative cooling by radiation

that Earth’s surface emits and convective warming by energy released to the surroundings



from water vapor condensing into cloud droplets and precipitation.

Deep atmospheric convection spans over 10 km vertically and is largely concen-
trated in summer monsoon regions, along the Inter Tropical Convergence Zone (ITCZ),
along the slopes and crests of mountain ranges, and within the frontal zones and warm
sectors of extratropical cyclones. Clouds and thunderstorms that result are often orga-
nized into clusters that contain many individual cells. They vary both on spatial and
temporal scales, spanning from squall lines that last for at most an hour to large-scale
convective activity prevalent in Madden-Julian Oscillation (MJO) events that can persist
for a week. Convective systems contribute to momentum and moisture budgets, transport
energy meridionally, and alter the Earth’s energy budget.

While convective systems cover only a few percent of the surface area of the
tropics and subtropics, they strongly influence large-scale circulation (Riehl and Malkus|,
1958, |Riehl and Simpson, 1979) through their contributions to the tropics’ water cycle
and radiative energy budget. Convective systems make up the majority of the rainfall
in the tropics (Houze, 2004, Nesbitt et al., 2000). Large-scale rising motion, convection,
and precipitation are predominantly found along the narrow ITCZ band, which is also
known as the ascending branch of the Hadley cell. Individual meridional circulation cells
that are driven by energy from direct solar insolation comprise the ascending motion.
These convective cells are fueled by air that converges at the surface, also known as trade
winds. As illustrated in Figure cumuliform clouds, ranging from shallow to deep and

expansive clouds, form in the narrow ITCZ band. The descending branch of the Hadley



FIGURE 1.1: Structure of the tropical atmosphere in regions varying in large-scale
vertical motion. Illustration courtesy of (Emanuel, [1994).

cell is located in the subtropics and consists of dry and clear regions as well as low-
level boundary, or stratus, clouds formed from large-scale atmospheric subsidence. The
ascending and descending branches of the Hadley cell balance each other through radiative
cooling in the subsidence regions and latent heating from water vapor condensation in

the ascending regions’ precipitating clouds.

1.2 Radiative and Thermodynamic Impacts of Con-

vection

Clouds influence the radiative balance (Liou, [1986|) at the top-of-atmosphere
(TOA) through their properties of reflecting, absorbing, and transmitting radiation to
the Earth’s surface and out of the atmosphere. Their impact on both solar and terrestrial

radiation depend on the cloud particles and cloud morphology. Cloud top temperature
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(CTT) at TOA can be used as a measure of how much net upward longwave (LW)
radiative flux reduces due to clouds. This reduction in outgoing LW radiation (OLR), or
the LW cloud radiative effect (LW CRE), is strongest for high, cold clouds with low CTTs
and introduces a warming effect on Earth’s surface. LW CRE is a positive quantity, while
shortwave (SW) CRE is a negative quantity at TOA because it is a measure of how much
incoming solar radiation is being reflected out of the atmosphere. SW CRE depends on
the liquid and ice water path, as well as cloud particle size and habit, and has a cooling
effect on Earth’s surface. The total CRE at TOA is known as the net CRE.

The left panel in Figure [1.2|shows the net CRE as a function of CTT and optical
depth. Shallow clouds, or clouds that lie low in the atmosphere such as stratus largely
found in the subtropics, contribute to the lower right corner of the plot because they have
high optical depths to reflect incoming solar radiation and warm CTTs that make them
inefficient at reducing OLR from Earth’s surface. In a climate context, shallow clouds
have a net cooling effect. The right panel in Figure [1.2| portrays the fractional coverage of
clouds in East Pacific as a function of MODIS-derived CTTs and visible optical depths.
From this figure, it is apparent that deep convective clouds have strong LW and SW
influences so that their net radiative impact is near-zero.

Both thermodynamic and radiative processes associated with convective cloud
clusters’ formation and evolution are sufficiently strong enough to alter the vertical profiles
of heating (Houze Jr., [1982). These processes significantly influence large-scale vertical
motion in the tropics (Houze Jr.;|[1982), and have varying impacts over convective systems’

lifecycle. The lifecycle of a single convective cell can be broken up into three stages:
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FIGURE 1.2: (a) Net effect of tropical clouds on the radiation budget at the top-

of-atmosphere as a function of cloud top temperature and cloud optical depth. (b)

MODIS-derived histogram of East Pacific ITCZ cloud cover (units are percent cloud

fraction per bin) binned by visible optical depths and cloud-top temperature. Image
courtesy of Kubar et al.| (2007).

cumulus, mature, dissipating. Both radiation and surface fluxes from heat and water vapor
destabilize the atmosphere, which initiates moist convection that acts as a stabilizing
mechanism. The cumulus stage is defined by a warm buoyant plume rising, mixing
laterally with the environment, and forming a cloud that is optically thick and reflects
some incoming SW radiation but is relatively small across spatial scales. This allows for
OLR from the surface to escape to space.

As it begins to rain, a downward drag force induced by rain drops instigates a
vigorous downdraft circulation that is evident in the mature stage. The downdraft region
is also responsible for the heaviest rainfall within the system, which supplies the latent
heating sufficient for the system to continue to be invigorated. The maximum updraft
vertical velocities are in the middle of the cloud, with detrainment occurring above this
level. As the top of the cloud approaches the tropopause, clouds spread around the
overshooting top into what is known as cirriform anvil. At this stage there is significant

cloud cover in both the horizontal and vertical direction for the radiative impacts of this
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FIGURE 1.3: Three-stage lifecycle of a typical convective cell showing (a) cumulus stage,
(b) mature stage, and (c) dissipating stage. Illustration courtesy of [Wallace and Hobbs|
(2006) adapted from The Thunderstorm, U.S. Government Printing Office (1949).

system to be significant. The large spread in anvil weakens radiative cooling because of
the low brightness temperatures emitted from the high anvils compared to OLR from

Earth’s surface or from shallow clouds. Anvils that are sufficiently thick can have a large

impact on reflecting SW radiation to space (Ramanathan and Collins, 1991)). During

the dissipating stage, cloud droplets no longer grow, so precipitation stops. Vertical air
motions also weaken and die, while the upper level clouds remain for a while emitting

and absorbing radiation. Upper clouds thin out and break up, which reduces the SW

cloud forcing and enhances LW forcing (Houze Jr., [1982).




1.3 Quantifying High Cloud Feedbacks

1.3.1 Uncertainties in Climate Models

Throughout their lifecycle, convective systems alter the spatiotemporal patterns
of radiative heating and cooling at TOA, which impact the large-scale atmospheric cir-
culation (Randall et al., [1989, Slingo and Slingo, 1988 [1991). As the climate changes,
changes in large-scale circulation are expected to alter convective cloud formation and
their radiative responses—generating a feedback (Bony et al., 2015, Li et al., [2014} |Sher-
wood et al., 2014). Climate models make predictions of climate warming by measuring
the “climate sensitivity”, which is the equilibrium change in the globally averaged near-
surface temperature in response to a doubling of the concentration of atmospheric CO,.
According to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment
Report (AR5), the climate sensitivity is in the range of 1.5 to 4.5 K with a weak increase
in global mean precipitation (IPCC, 2013, Stephens and Ellis, 2008). Climate warm-
ing is expected to influence the distribution of precipitation changes, with the wettest
latitudes getting enhanced precipitation while driest latitudes may get a decrease in pre-
cipitation (Allen and Ingram) 2002, Held and Soden), 2006, Mitchell, |[1987). Additionally,
atmospheric general circulation models (GCMs) are showing that precipitation extremes
become more frequent with enhanced atmospheric COy concentrations (Gordon et al.|
1992).

Observations suggest that the climate sensitivity is near the lower end of the 3 K

temperature range and that models could also be underestimating precipitation changes
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are the CMIP3 means for each feedback type. Illustration courtesy of IPCC ARS.

(Mauritsen and Stevens|, 2015)). These discrepancies point to the possibility that climate
models are missing key feedbacks or that the processes that drive cloud-circulation inter-
actions are poorly represented (Dessler, 2013, Mauritsen and Stevens, [2015)). In addition
to the discrepancies between models and observations, there are disagreements between
the models themselves. The 3 K climate sensitivity range is largely due to a substan-
tial spread in cloud feedbacks among climate models, as shown in Figure [[.4 A major
source of uncertainty contributing to the large spread is how convective and boundary-
layer processes are represented in climate models (Bony et al., 2015). Additionally, cloud
microphysical processes make it difficult to simulate convective response to varying large-

scale dynamics.
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Observations have been used to supply information for models on the thermody-
namic processes, dynamical influences, and cloud microphysics of convective organization.

Satellite infrared (IR) images provide reliable cloud coverage with high temporal and spa-

tial resolution (e.g. |Gettelman et al.| (2002), Hall and Vonder Haar (1999)), Mapes and|

Houze| (1993), Rossow and Schiffer| (1999)) capable of characterizing the regional and

global characteristics of convection. Studies using radar and passive microwave obser-

vations provide direct information on the vertical intensity of such systems (e.g.

and Zipser| (2005)), [Mohr and Zipser| (1996), Nesbitt et al.| (2006], 2000), Schumacher and|

Houze| (2003)). [Liu et al| (2007) and Liu and Zipser| (2013) provided two of the first

studies to quantitatively explore the relationship between high, cold anvil clouds and the
vertically intense convection using observations on a global scale. Such analyses optimize

the advantages of passive and active satellite observations by looking at them together

(Liu et al., 2007).

1.3.2 Theories on High Cloud Feedbacks

The radiative impacts of convective systems depends both on the dynamic and

thermodynamic structures of the atmosphere (Bony et al. |2004, Lindzen et al. 2001,

Pierrehumbert|, 1995, |Ramanathan and Collins, 1991)). With a warming climate, it is

expected that the temperature profile, atmospheric moisture, and large scale circulation

will change—all of which impact the formation and distribution of clouds (Bony et al.,

2004}, Bony et al., 1997, Hartmann and Michelsen| [1993)). There is observational evidence

for a shift toward more frequent organized convection with warming in the past 30 years
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(Tselioudis et al., 2010]), which has resulted in an increase tropical rainfall intensity (Tan
et al., 2015) and has the potential to alter the formation of high anvil clouds (Bony et al.,
2016)).

Arguments for assessing the behavior of anvil clouds to a warming climate and
the suggested climate feedbacks have been proposed over the past several years. Ra-
manathan and Collins (1991) used observations during the 1987 El Nino to argue that
Hadley and Walker Cells fueled by latent heating, cirrus LW CRE, and spatial gradients
in sea surface temperature (SST) causes moisture to converge into the warm oceanic
regions. This amplifies SST warming through enhanced atmospheric greenhouse effect,
which impacts atmospheric circulation. [Ramanathan and Collins (1991) proposed the
“Thermostat Hypothesis” that argued that enhanced SST warming could increase cirrus
cloud formation to reflect enough solar radiation to offset LW CRE and prevent SST from
rising above 305 K (Ramanathan and Collins, |1991)).

Lindzen et al.| (2001) proposed that the Earth’s atmosphere can act as an adap-
tive infrared iris, much like that of an eye, which opens and closes in order to control
OLR. This was supported by suggesting that cirrus detrainment from cumulus convection
might decrease with increasing SST's if the precipitation efficiency within cumulus towers
increases significantly with increasing SSTs (Lindzen et al.; 2001). The Iris Effect would
cause the sensitivity of surface temperature to a doubling of CO5 to be only 1 K, which
is significantly less than the largely accepted range of 1.5-4.5 K.

The Thermostat and Infrared Iris Hypotheses have opposing arguments—Thermostat

argues that anvil fraction will increase and Infrared Iris argues that anvil fraction will



11

decrease with increasing SST—that both result in a cooling effect on Earth’s climate. The
Iris effect doesn’t take into account how anvil cloud brightness impacts SW radiation, so
the effect would weaken if thick anvil clouds are reduced more strongly than thin anvils
because SW reflectivity by these systems would decrease. Because high clouds exert both
warming and cooling effects, it is the net effect of high cloud changes that is important
and is also responsible for the discrepancy between these theories. The high cloud net
radiative effect arises from the difference between the SW and LW-—two large, competing
effects—which makes high cloud effects on the Earth’s radiative energy budget very hard
to quantify both in models and observations. Understanding how thick and thin anvils

form, as well as how they may change with climate change, will improve quantifying high

cloud feedbacks.

1.4 Convective Aggregation

Model studies are beneficial for postulating ways in which the environment influ-
ences convection and the corresponding radiative and precipitation effects contributing
to a climate response. Omne of the arguments against the Infrared Iris hypothesis was
that there was a significant amount of space, on the order of 1000 km, in between the
deep convective cores and the decreasing anvils (Hartmann and Michelsen, 2002). How-
ever, theories suggest that these large patches of clear, dry air could be tied to increased
subsidence as a result of convective aggregation, which is a phenomena arising from insta-
bilities in idealized models. This implies that convective aggregation could be a physical

mechanism in support of an Infrared Iris-like response to increasing SSTs (Mauritsen and



12
Stevens, 2015)).

It had been previously thought that RCE above a horizontally homogeneous sur-
face would produce quasi-homogeneous patterns of cumulus convection. However, Cloud
Resolving Models (CRMs) and GCMs have shown that randomly distributed convection
can cluster, or self-aggregate, into localized regions without any external drivers (Brether-
ton et al.| (2005), |[Coppin and Bony (2015)), Muller and Held| (2012), Wing and Emanuel
(2014), among others). |Coppin and Bony| (2015) proposed that for SSTs of ~300 K, or
close to current observations of SST, dry regions where low clouds reside radiatively cool
effectively to space through the transparent upper atmosphere while simultaneously sup-
pressing convection in this region. ds emit at a low temperature, which further decreases
atmospheric LW cooling and generates a positive feedback. At SSTs greater than 305
K and less than 310 K, convective aggregation is initiated through strong surface winds
formed in moist, convective regions that invigorate updrafts through surface fluxes in-
duced by latent heating, instead of the shallow circulation mentioned previously (Coppin
and Bony, 2015). Dry regions do not have such strong winds nor large surface fluxes to
create an environment favorable for convection to occur.

Studies using RCE models suggest that convective aggregation can alter the
moisture of the atmospheric state through a decrease in relative humidity in the upper
troposphere (Bretherton et al., 2005, Wing and Cronin, 2016|). As convective aggregates,
there is an increase in humidity variance, implying that the moist columns’ relative hu-
midity increases despite the dry, clear regions decreasing in relative humidity (Wing and

Emanuel, 2014). Precipitation efficiency increases in the moist columns, which, coupled
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FiGUure 1.5: Illustration depicting the tropical atmospheric circulation between ex-
panding dry, clear regions and suppressed moist, cloudy regions (Mauritsen and Stevens,

2015).

with an increase in upper tropospheric warming and a decrease in high clouds, has been

shown to influence large-scale circulation and radiative heating in CRMs and GCMs

(Coppin and Bonyl, 2015, Wing and Cronin, [2016)).

Radiative-convective feedbacks are largely driven by radiative perturbations

from extensive anvil clouds (Nilsson and Emanuel, [1999); thus, the net effect of ag-

gregation depends critically on the relative magnitudes of its impact on SW versus LW

radiation. A significant decrease in anvil fraction with warming could contribute a cloud

feedback by either enhancing LW radiative cooling (Bony et all 2016, Bretherton et al.,

2005)), or by decreasing SW reflectivity. Wing and Cronin/ (2016) found that reflected SW

didn’t change with aggregation due to an increase in low-cloud fraction with aggregation.

This, in combination with an increase in OLR due to reduced anvil fraction, would result

in a net loss of radiation at the top of the atmosphere (Wing and Cronin, [2016).
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Infrared cloud observations of large-scale convective organization can be used to
understand how convective aggregation can be applied to the real world, and what the
potential radiative and precipitation responses are. [Tobin et al.| (2013, [2012) observed how
convective organization behaved with the atmospheric state using satellite observations
over the warm tropical ocean. They used the product between the normalized number of
convective cores (N) and distance between them (Dy) to calculate the “Simple Convective
Aggregation Index” (SCAI). For a given precipitation rate and domain, as the aggregated
system increased, the precipitable water and relatively humidity decreased, which agrees
with many modeling studies showing that the atmosphere dries in a more aggregated state.
Tobin et al. (2012) is in agreement with modeling studies that precipitation efficiency
increases within the moist and cloudy regions as aggregation increases. They hypothesize
that convective mass fluxes are protected by the surrounding clustered convective systems,
which inhibit both entrainment with the environment and rain evaporation. Due to mass
conservation, less condensate is detrained in the free troposphere, which would decrease
the anvil extent.

Models and observations don’t agree on how increased convective organization
influences climate. Unlike the modeling studies that found that increased convective
organization didn’t change the SW radiative response, Tobin et al| (2012) found that
SW TOA fluxes decreased, which offset the increase in OLR and resulted in a near-zero
net TOA radiative budget change. Despite this near-zero change, TOA radiative heating
distribution may change due to the individual changes in SW and LW effects, which

could influence large scale circulation (Tobin et al., 2012). Modeling studies suggest
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that determining what thermodynamic processes are required for generating organized
convection with thick versus thin anvils, as well how large-scale circulation influences

these mechanisms, are crucial for determining the radiative impacts (Bony et al., 2006],

2004).

1.5 Research Objectives

This research approach contributes to understanding atmospheric convective
behavior over ocean and the radiative responses in varying large-scale dynamical en-
vironments. Cloud, precipitation, and radiative flux products from the Afternoon (A-
Train) satellite constellation and Pathfinder Atmospheres-Extended (PATMOS-x) cloud
retrievals are used, as well as meteorological variables from reanalyses. The dataset fea-
tures collocated observations from CloudSat, CALIPSO, AMSR-E, GOES, Meteosat, and
MERRA using estimates of cloud center of gravity (COG), cold anvil area, precipitation
intensity, SW, LW, and Net CREs in differing vertical pressure velocity regimes.

The main question that we seek to address is: How does convective orga-
nization influence the link between precipitation and Earth’s energy budget?
This question can be broken down into three subsequent questions:

1. How do the physical characteristics and radiative responses of convective systems
vary with environmental conditions? (E.g., how big are convective cores?)

2. How does differing convective intensity influence convective behavior for a given
dynamical environment? (E.g., does anvil area shrink with increasing convective

intensity?)
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3. How does differing convective intensity influence SW, LW, and net cloud forcings
for a given dynamical environment? (E.g., is the SW or LW effect dominant in

certain regions?)

This study is designed to leverage the strengths of A-Train observations in the
context of broader swath and higher temporal resolution geostationary data supplied
by PATMOS-x to explore the behavior of convection under varying dynamical regimes.
An improved understanding of the links between large-scale circulation, convection, and
climate are expected to lead to a more realistic representation of convective parameteri-

zations in GCM simulations.
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Chapter 2

Datasets and Methods

2.1 Introduction

This study was concentrated over the tropical North Atlantic Ocean, defined as
0°-35°N and 10°-80°W and highlighted in Figure[2.1] A database of physical and radiative
characteristics of convection over the ocean were computed using A-Train, PATMOS-x
geostationary, and MERRA reanalyses collocated datasets between 2007-2010. These
values were calculated and averaged for every CloudSat swath that passed over 10°x10°
grid boxes in the tropical North Atlantic Ocean. Results in Chapter 3 have computations
over land omitted to decrease land’s influence on convective systems—in other words only
ocean-to-ocean comparisons were made. Figure [2.2| shows the ocean-only domains used
for our study.

This chapter focuses on introducing the datasets and variables that character-
ize the behavior of convection over the ocean, which include the total number of deep

convective cores that CloudSat identifies, the mean convective cloud’s center of gravity



FIGURE 2.1: The orbital path for CloudSat granule 17771, obtained on August 30,
2009 and superimposed on global infrared satellite imagery. The highlighted region is
the tropical North Atlantic Ocean—defined as 0°-30° N and 10°-80° W. The yellow line
within the highlighted region corresponds to the CloudSat overpass shown in Figure
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FIGURE 2.2: Map showing the 10°x10° ocean-only grid boxes shaded in grey.

(CoG) calculated with CloudSat’s reflectivities, mean cold cloud area from PATMOS-x
CTTs < 235 K, and conditional mean rain rates using AMSR-E rain rates. The radiative
responses of convection over the ocean are also considered and presented in the form of
SW, LW, and net CREs calculated using upwelling and downwelling TOA fluxes from
CloudSats 2B-FLXHR-LIDAR product. Maps of the tropical North Atlantic Ocean dur-

ing the Northern Hemisphere winter or dry season of the Tropics (December, January, and
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FIGURE 2.3: The Afternoon Constellation (A-Train) satellite mission with each satel-
lite’s instruments listed. Illustration courtesy of NASA.

February) are colored by each variable to show how the variable is distributed spatially

with respect to large-scale circulation in the tropics.

2.2 The A-Train Satellite Constellation

Shown in Figure 2.3} the A-Train is a collection of satellites in sun-synchronous
polar orbit crossing the equator in ascending direction at approximately 1:30 pm local
solar time. Each satellite is within seconds to minutes of each other, which allows for
near-simultaneous observations to be collected. It was created in 2006 when CloudSat
and CALIPSO joined orbit with Aqua (launched in 2002), Aura (2004), and PARASOL
(2004). The purpose of A-Train is to improved knowledge of clouds, aerosols, atmospheric
chemistry, and other important variables crucial for understanding earth’s climate and

how it is evolving.
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2.2.1 CloudSat

CloudSat was launched in 2006 to provide observations, such as cloud abundance
and structure, for improving understanding of clouds and their radiative properties. On
board CloudSat is the Cloud Profiling Radar (CPR), which is the first millimeter wave-
length, or 94 GHz, cloud radar, and is 1000 times more sensitive than weather radars—
allowing it to observe cloud properties. CPR is a nadir-looking radar measuring the power
backscattered by clouds as a function of distance from the radar, and outputs vertical
structures of reflectivities. CPR can detect a minimum of -30 dBZ. CloudSat has an
along-track sampling of 2 km, 500 m vertical resolution, and 1.4 km cross-track resolu-
tion. It’s antenna size is 1.85 m and has a pulse width of 3.3 us, with a dynamic range

of 70 dB and calibration accuracy of 1.5 dB.

2.2.2 CALIPSO

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation, or
CALIPSO, provides new insight into the role that clouds and atmospheric aerosols play
in regulating Earth’s weather, climate, and air quality. One of the instruments on board
CALIPSO is the Cloud-Aerosol Lidar with Orthogonal Polarization, or CALIOP, which
is a two-wavelength polarization-sensitive lidar measuring backscatter. Combining mea-
surements from CALIOP with information from passive infrared and visible imagers from
the Imaging Infrared Radiometer (IIR) and Wide Field Campera (WFC) allows for high
resolution of vertical structure and properties of thin clouds and aerosols. Examples of

properties that CALIPSO measures are cirrus emissivity and particle size.
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2.2.3 Aqua

Launched in 2002, Aqua gathers information about Earth’s water cycle, such
as evaporation from oceans, water vapor in the atmosphere, and water contributions
from clouds, precipitation, soil moisture, sea and land ice, and snow cover. It also mea-
sures radiative energy fluxes and aerosols. On board Aqua are MODIS, AMSR-E, AIRS,
CERES, and AMSU-A. AMSR-E, or Advanced Microwave Scanning Radiometer, is a
twelve-channel, six-frequency, passive microwave radiometer. It measures brightness tem-
peratures, and vertically and horizontally polarized measurements are taken at all chan-
nels. Its spatial resolution is from 5.4 km at 89.0 GHz to 56 km at 6.9 GHz, with a 1445
km swath and sampling interval of 10 km for 5-36 GHz and 5 km for 89 GHz. AMSR-E
measures precipitation rate, cloud water, water vapor, sea surface winds, and sea surface
temperatures. Aqua’s near-simultaneous flight-time with CloudSat allows AMSR-E rain
rates to be collocated with CloudSat’s overpass, which is portrayed in the middle panel
of Figure 2.5| The Moderate Resolution Imaging Spectroradiometer (MODIS) is a 36-
band spectroradiometer that measures visible and infrared radiation for creating projects
ranging from vegetation and land surface cover to cloud and aerosol properties.

Precipitation yield is characterized using AMSR-E’s conditional mean rain rates
(<rain rates>), which are the rain rates averaged over only regions where it is raining.
<Rain rates> are calculated for convective regions only—i.e. along every swath within
each 10° x10° domain that CloudSat detects deep convective cores. Figure [2.4] shows the
map of the tropical North Atlantic colored by <rain rates> that were calculated for DJF

from 2007-2010. Like Figures and 2.12] this map corresponds well with wsgo because
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FIGURE 2.4: Map of the conditional mean rain rates from AMSR-E along CloudSat
tracks for December, January, and February averaged from 2007-2010.

the highest rainfall rates are located in vertically ascending regions along the ITCZ. The
ITCZ is largely responsible for much of the precipitation in the tropics, so we would

expect precipitation yield to be larger in this region compared to subsidence regions.

2.3 CloudSat/CALIPSO cloud products

Measurements of the area of deep convective cores, intensity, precipitation yield,
and radiative impacts of convective systems are supplied by CloudSat/CALIPSO cloud
products. Within these cloud products are level-1b source data, which are calibrated
data using pre-launch and in-flight calibration measurements. Level-2b and Level-2c are
CloudSat standard and enhanced Level 2 data products, respectively, that contain derived
geophysical variables at the same resolution and location as the Level 1 source data.

The 2B GEOPROF product supplies cloud-mask values that use information

on the backscattering of cloud droplets to deduce if clouds have been detected. Another
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FIGURE 2.5: Data from August 30, 2009 (CloudSat granule 17771) are collocated and

presented in three panels. Top panel shows CloudSat’s CPR radar reflectivities with

convective flags as dots. Middle panel has AMSR-E conditional mean rain rates with a

box of mean values of MERRA-2 data supplying environmental context. Bottom panel
shows SW, LW, and Net CREs.

measurement stored in 2B GEOPROF is the radar reflectivity, which is the calibrated
measured return power proportional to droplet size to the sixth power (in units of dBZe
= dB (mm® m™3)). These values are measured by identifying significant radar echo from
hydrometeors for each vertical column that CloudSat samples. The highest radar reflec-
tivity values correspond to the cloud systems’ backscattering of the largest hydrometeors,
as shown in the top panel in Figure 2.5

Because CloudSat’s CPR is highly sensitive to both solid and liquid precipita-

tion, the signal is attenuated at the height where the largest hydrometeors are located

(Smalley et al., 2014). Strong updrafts in convective precipitation can lift a significant
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amount of liquid precipitation high above the 0°C freezing level, while stratiform precip-
itation is characterized by the presence of frozen hydrometeors above the freezing level, a
melting layer about 500 m below the freezing level, and liquid precipitation below that.
2C-PRECIP-COLUMN makes use of the height of the attenuated signal to distinguish
between convective and stratiform precipitation (L’Ecuyer et al., [2009). The height of
attenuation is represented as an inflection point in CloudSat’s vertical reflectivity profile
and represents the top of the liquid precipitation in the column. If the inflection point
height is more than 500 m above the ECMWEF 0°C level then the pixel is flagged as
convective—otherwise it is stratiform (L’Ecuyer et al., [2009). These flags are represented
by the colored lines of dots in the top panel of Figure [2.5] When there are no reflectivity
values equal to or greater than 0 dBZ above the freezing level, the pixel is classified as
shallow convection. 2C-PRECIP-COLUMN also stores the height of the freezing level.

We are interested in understanding how differing environments influence the
behavior of convection over the ocean—i.e., how does the strength and distribution of
individual convective cells vary with large-scale circulation. One method for observing
the distribution of convective cells is by physically counting how many convective cores
there are within regions sorted by the strength of the vertical motion. The number of
convective cores, defined by the CloudSat deep convective flag, were counted along every
CloudSat footprint within each 10°x10° domain. Figure shows how many convective
cores CloudSat detected during DJF from 2007-2010. It doesn’t seem like the average
number of number of convective cores are dependent upon vertical motion. Yet, we

should expect that the average number of convective cores is lower in the subsidence
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FIGURE 2.6: Map of the total number of convective cores along CloudSat tracks for
December, January, and February averaged from 2007-2010.

region compared to the region of ascending motion (Igel et al., |2014).

In addition to characterizing how convection over the ocean is distributed, con-
vective behavior can be characterized in terms of its intensity, horizontal area, and precip-
itation yield. A proxy for convective intensity is the deep convective cores’ CoG. CoG is
the height at which the mean weight of the cloud is located and is weighted by CloudSat’s
W-band reflectivities as noted in the following equation:

24 H;
IVA

CoG = (2.1)

where Z; is the reflectivity and H; is the height from the surface at the ith level in the

atmosphere (Storer et all 2014)). This provides a direct measure of how high the largest

hydrometeors are lofted into the atmosphere. Intensity is directly proportional to the

CoG—i.e. the higher the CoG, the more intense the system.
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FIGURE 2.7: Map of the deep convective core center of gravity averaged along each
CloudSat track and during December, January, and February of 2007-2010.

Figure shows the mean CoG between 2007-2010 for DJF. The highest CoG
values are located between 0°-10° N in which the ITCZ is located. Comparing it to Figure
and excluding grid boxes over land, the intensity directly corresponds to the strength
of the vertical motion—clouds have higher centers of gravity in regions of strong ascending
motion compared to regions of strong descending motion. This is understandable because
rising motion allows hydrometeors to be lofted higher in the atmosphere than they would
in regions of descending motion.

The 2B-FLXHR-LIDAR product supplies estimates of broadband fluxes and
heating rates using CloudSat’s CPR, CALIPSO, and MODIS measurements
. Upwelling and downwelling LW and SW fluxes are calculated using a
broadband radiative transfer model for each radar profile supplied by CPR

et al., 2008)). Flux calculations performed with clouds and aerosols removed are also
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provided in the product. Using the TOA SW and LW fluxes in combination with the

no-cloud flux values, SW, LW, and net CREs are calculated with the following equations:

CREsw = (FST‘W - Féw)cloudy - (F;W - Féw)clear (2-23)
CRELw = (FEW - FJ%W)ClOudy - (FEW - F/%W)clear (2‘2b)
CRENet = CRESW + CRELW (22C)

where FT and F* are the TOA upwelling and downwelling fluxes with the respective
wavelengths specified. The bottom panel of Figure depict the SW, LW, and net
CREs aligned with the CloudSat overpass. The designated anvil cloud area shows that
the LW CRE is greater than zero, meaning that the LW component of the cloud’s radiative
response contributes to a warming effect. The same anvil area increases the magnitude
of the SW response, resulting in a cooling effect. The net radiative contribution from
the anvil area varies between positive and negative along the CloudSat overpass, which
is most likely due to the anvil’s varying microphysics and thus optical depth.
Establishing how convective organization influences radiation is done through
observing the SW, LW, and net CREs calculated using the CloudSat/CALIPSO radiative
flux product, as shown by Equation 2.2] Because CloudSat passes over every region only
once a day (1:30 LST), the measurements are inaccurate portrayals of solar irradiances
received by the tropics throughout the day. At 1:30 LST, the amount of sunlight that
Earth’s surface is near maximum, so the magnitude of the measured solar irradiances and

resulting SW CREs are too large if these values aren’t normalized to take into account
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Ficure 2.8: Like Figure but showing shortwave cloud radiative effects.
the sunlight for the rest of the day. Seeing that solar irradiance isn’t measured during
CloudSat’s nighttime tracks, we didn’t calculate SW, LW, and net CREs using CloudSat’s
nighttime track measurements.

Figure[2.8]is a map of the tropical North Atlantic colored by daytime SW CREs
that were averaged for every convective system that CloudSat detected within 10°x10°
grid boxes during DJF of 2007-2010. SW CRE is most negative, or most dominant, along
the ITCZ, or in regions of strong vertical ascent, which means that this region has a larger
cooling effect compared to the subsidence regions.

A DJF map of daytime LW CREs are shown in Figure[2.9] Like the SW CREs,
the LW radiative impact is most dominant along the ITCZ compared to the subsidence
regions, which means that there is a larger warming impact coming from the vertically
ascending regions than from the descending regions. The grid boxes that have the largest

LW CRE also have the largest cold cloud area, which is expected.
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FiGure 2.9: Like Figure but showing longwave cloud radiative effects.

A map of the net radiative impact, which is the LW and SW CREs added
together, by convective systems in the tropical North Atlantic is shown in Figure[2.10} Net
CRE is negative meaning that the SW component dominates and implies that convective
clouds have a cooling effect. SW CRE is slightly larger along the ITCZ compared to the
subsidence regions, which implies that the convective systems found in the ITCZ have a

marginally larger cooling effect than those found in the subsidence regions.

2.4 PATMOS-x

Cloud top temperatures from the PATMOS-x project supply spatial context for
the deep convective systems detected by CloudSat. PATMOS-x is a satellite-based suite of
cloud and aerosol products generated by both the National Oceanic and Atmospheric Ad-
ministration (NOAA) and more recently the European Organisation for the Exploitation

of Meteorological Satellites (EUMETSAT) Meteorological Operation satellite program
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FiGure 2.10: Like Figure but showing net cloud radiative effects.

(MetOp) (Heidinger et al., 2012, Schmetz et al., 2002). The PATMOS-x record was ini-

tially generated from the Advanced Very High Resolution Radiometer (AVHRR) sensors

flown on the NOAA polar orbiter satellite series and selected ancillary data since 1978

(Heidinger et al., 2014} |Sun et al., 2015). It has since been generalized to produce cloud

products from other instruments, including those on-board Geostationary Operational

Environmental Satellites (GOES) and Meteosat Second Generation (MSG) (Foster and

Heidinger|, 2013).

This study takes advantage of geostationary data’s broad spatial coverage and
high temporal resolution by using PATMOS-x GOES-East (both GOES-12 and GOES-
13) and MSG cloud datasets. Combining data from these satellites provides complete
coverage of the tropical North Atlantic—0°-35°N and 10°-80°W with GOES-East span-

ning 40°-80°W and MSG 10°-40°W. GOES-12 and GOES-13 were positioned at 60°W
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and 75°W, respectively, and provided twice-hourly full-disk scans with a spatial resolu-
tion of 4 km for infrared channels (Foster and Heidinger, 2013)). Meteosat satellites are
equipped with the Spinning Enhanced Infrared Imager (SEVIRI) that supplies continuous
observations of the Earth using 12 visible and infrared channels.

PATMOS-x data provides level-1b files composed of sampled pixels, which allow
for observations to be converted to radiances (Heidinger et al., 2014). A Bayesian cloud
mask algorithm using collocated CALIPSO data has been developed for cloud detection
and evaluation. This algorithm detects the AVHRR pixel closest to each 1 kmm CALIPSO
cloud layer pixel and uses a nearest-neighbor approach for providing estimates of the
collocated pixel for an entire global area coverage (GAC) orbit. The resulting hourly-
pixel data is sampled and remapped to a 0.1°x0.1° grid (level-2b data) (Heidinger et al.|
2014, [Sun et al., 2015)). With a probability of detection being at around 90%, it has been
shown that this data set is in closer agreement with existing global cloud detection data
sets compared to other passive satellite sensor data sets (Heidinger et al., [2012).

The cloud property of highest interest for this project is cloud-top temperature,
but other cloud variables include cloud-top height and 11 pum cloud emissivity. These
infrared cloud properties are derived using the ABI (Advanced Baseline Imager) Cloud
Height Algorithm (ACHA), which uses an optimal estimation approach (Walther et al.
2013)). ACHA runs in advance of the Daytime Cloud Optical and Microphysical Properties
(DCOMP) algorithm, which is used for generating estimates of cloud optical thickness,
cloud effective radius, and ice/water path during daylight (Heidinger and Pavolonis, 2009,

Walther and Heidinger|, 2012).
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FIGURE 2.11: PATMOS-x satellite image from August 30, 2009 with cloud top tem-

peratures from GOES-East shown in color. The green line is CloudSat granule 17771

showing that multiple cloud properties were simultaneously measured over the same
region.

Figure shows a snapshot of PATMOS-x cloud top temperatures supplied
by GOES-East observations over a 15°Nx20°W grid. The green line passing through the
map is a CloudSat overpass, which demonstrates the feasibility of collocating observations
from these two instruments. The CloudSat overpass in this figure is granule 17771,
so the spatial mapping of cloud top temperatures provides background information to
the reflectivity, precipitation, meteorological, and cloud forcing information depicted in
Figure 2.1]

The area of convective systems is characterized by the fraction of CTTs < 235
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FIGURE 2.12: Like Figure but showing fraction of cloud top temperatures < 235
K from PATMOS-x.

K, from the PATMOS-x cloud products, when CloudSat detected deep convection over

the ocean within each 10°x10° domain. 235 K is chosen to take into account cold clouds,

which includes both deep convective cores and the surrounding anvils (Arkin, [1979, |Arkin|

land Meisner, |1987)). Figure is a map of the mean cold cloud area, given as the fraction

of CTT < 235 K within each grid box calculated at the times that CloudSat detected
oceanic deep convection. As with CoG, cold cloud area’s spatial variability is consistent
with the spatial variability of vertical motion. The largest cold cloud areas are located

along the ITCZ and smaller areas occur in the subsidence regions.
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2.5 MERRA

The Modern-Era Retrospective analysis for Research and Applications (MERRA)
reanalysis dataset was generated using the Goddard Earth Observing System Data Anal-
ysis System, Version 5 (GEOS-5) data assimilation system (DAS) (Rienecker et al.| 2011)).
Its purpose is to improve how Earth’s energy and water cycles are represented on both
weather and climate scales by placing measurements from NASA’s Earth Observing Sys-
tem (EOS) satellites into a climate context. MERRA’s gridded resolution is 3~ latitude x
%O longitude with 72 vertical levels from the surface to 0.01 hPa (Rienecker et al., |2008).
Temporal resolution of the data ranges from hourly to monthly from 1979 to 2016. In
2016, MERRA-2, which is version two of MERRA, was introduced to take full advantage
of the advances in its assimilation system—including assimilating observation types not
previously available in MERRA.

A MERRA-AUX data product was created to store CloudSat-collocated MERRA
variables, and was created before MERRA-2 came out. The collocation was performed by
weighting MERRA values from the four nearest MERRA grid boxes to each of the Cloud-
Sat footprints. Of particular interest are the 2d MERRA-AUX variables characterizing
the environment: vertical pressure velocity at 500 hPa (wso0), CAPE, SST, and column
water vapor (CWV). The middle panel in Figure lists values for these variables that
were averaged along CloudSat’s track.

To observe how convection over the ocean responds in different environments,

ws0o 1s used as a proxy for convection. Figure are MERRA-2 w59 maps for each of the
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four seasons: December, January, and February (DJF); March, April, and May (MAM);
June, July, and August (JJA); and September, October, and November (SON). We see
that the strongest rising motion, or most negative vertical velocity, is predominantly
located between 0°-10° N during DJF and MAM, which is when the ITCZ is located
in the Southern Hemisphere. The ITCZ shifts north during JJA and SON, which we
can tell by the large scale vertical rising motion that spans 0°-30° N between 80°-60°
W. Additionally, large-scale subsidence is located at 0°-4° N in the eastern region of the
tropical North Atlantic, and the ITCZ is shifted north about four degrees in this region
as well.

Noting the predominant locations of large-scale rising and subsiding motion, we
can also take a look at their distributions—e.g., is one type of motion more prevalent than
the other? Figure shows the cumulative distributions of wsgg where wsgg is averaged
over every CloudSat swath within each grid box between 2007-2010. It is for the most part
symmetric, with the cutoff for the top 25% rising motion being at approximately —0.03
Pa/s, and the top 25% descending motion being approximately 0.03 Pa/s. The mean
is slightly offset in the positive direction from 0 Pa/s. Figure [2.14b| shows a Gaussian
distribution—the green curve—fit over the data.

The distribution of wsgg for when CloudSat detected oceanic deep convection is
not symmetric, as shown in Figure . 0 Pa/s is the cutoff for the top 25% subsiding
motion regime, meaning that 25% of the deep convection occurrences over the ocean were
in either neutral or large-scale subsidence environments. For both Figures and [2.15]

most of the wsgy values are near-zero, meaning that the tropics and subtropics are largely
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FIGURE 2.13: Maps of vertical pressure velocity for (A) DJF, (B) MAM, (C) JJA, and
(D) SON

influenced by weak vertical motion. The clouds formed in regions of near-zero motion

have a large radiative impact mainly because the near-zero motion is so prevalent, which

was first noted by Bony et al| (2004). Yet, Bony et al| (2004) also found that deep

convective and shallow systems in regions of large-scale ascent and descent, respectively,

had substantial radiative responses such that they can’t be ignored.
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Chapter 3

Convective Behavior and Radiative
Influence over the Tropical North

Atlantic

3.1 Introduction

Studies show that the radiative budget in the tropics is influenced by changes
in convective behavior induced by shifting large-scale circulation or changes in precipita-
tion yield (e.g. Bony et al,| (2015), |Daloz et al| (2018))). This work takes advantage of
A-Train, PATMOS-x, and MERRA reanalyses collocated measurements to assess envi-
ronmental influences on convective behavior over the ocean and their precipitation and
radiative responses. The first subsection identifies convective behavior trends with in-
creasing midlevel vertical pressure velocity, or increasing subsidence, that acts as a proxy
for large-scale circulation. The next two subsections examine how the physical and radia-

tive properties of convection change with intensity in different dynamical regimes, where
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the dynamical regimes are defined as the top 25% rising and descending motions that
we determined in Figure 2.14] In other words, the convective properties are sorted by
vertical motion strength.

Results are displayed as hex-binned scatter plots with regression lines to detect
the sensitivity between the relationships, as well as box-and-whisker plots for under-
standing their distributions. Points contributing to the hex-binned and box-and-whisker
plots are variables averaged over every CloudSat swath that identified convection over
the ocean—except for number of deep convective cores and cold cloud area, which is the

fraction of CTT < 235 K—within each 10°x10° domain shown in Figure [2.2]

3.2 Role of the Environment

3.2.1 Influence on Physical Characteristics

It is expected that as subsidence increases, the frequency that convection over
the ocean occurs will decrease (Bony et al., 2004, [Bony et al., 1997, |Zelinka and Hartmann),
2009). Figure shows how the number of convective cores change as a function of
changing vertical motion. Distinguishing the spatial frequency of convective cores, we find
in Figure that the number of convective cores decreases with increasing subsidence—
the means range from three cores for the stronger vertical ascent down to less than two
cores for strong descent. Furthermore, the number of cores only changes when there is
mean ascent (wsgg < 0)—it does not change when there is mean descent.

From Figure[2.7, we show the spatial mapping of the intensity of storms, but how

sensitive intensity is to environmental conditions is examined by plotting CoG versus wsgg
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averaged along CloudSat’s track.
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(Figure . As the flow becomes increasingly subsident, convective systems’ intensity
decreases, which is consistent with findings from Bony et al.| (2004)) and |Igel and van den
Heever| (2015). We expect that as the flow becomes increasingly subsident, the vertical
growth of convection is stunted (Bony et al., 2004). The regression line in Figure W
suggests a weak negative relationship between CoG and wsg with a correlation coefficient
of r = —0.07. The regression line has a p-value of 0.0013, which is less than 0.05 meaning
that the slope of -1.89 km s Pa~! is statistically significant. To test the significance of the
correlation coefficient, we use a t-statistic with a 95% confidence level and set the degrees
of freedom as the number of unique days that CloudSat detects convection. The critical t
is tep = —1.86, which is not less than tg 925 = —1.96, so the correlation is not statistically
significant. Therefore, the null hypothesis that there is no relationship between CoG and
wsop 18 not rejected.

[gel and van den Heever| (2015) also noticed a weak decline in convective intensity
with wsgp—cloud top height only decreased by 1 km over a —0.5 Pa/s to 0.5 Pa/s range
of wsop (Igel and van den Heever, 2015). Figure shows that the mean CoG hovers
at around 8 km for every vertical velocity regime. As mentioned previously, most of the
deep convective cores are concentrated in the —0.03 to 0.03 Pa/s vertical motion range,
suggesting that convective systems tend to occur in weak vertical motion regions. The
spread of CoG values is nearly consistent across the range of vertical velocity according
to Figure [3.2B] despite the concentration of convective cores changing over the range.

The weak sensitivity between convective intensity and vertical pressure velocity

suggests that there are other factors that could contribute to the variability of oceanic
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F1GURE 3.3: A. Same as Figure but for fraction of CTT < 235 K averaged along
every CloudSat swath. B. Same as Figure but for fraction of CTT < 235 K averaged
along every CloudSat swath.

convective intensity for a given vertical motion. Vertical wind shear, the thermal strat-

ification of the atmosphere, and the degree of the organization of convection are such

factors that can vary with the same vertical motion (Bony et all 2004). Although a

weaker influence, SST could also impact the large spread in convective intensity
], 2003).

In the previous chapter, we found that cold cloud area composed of both anvil
and deep convective cores and defined as the fraction of CTT < 235 K is strongly in-
fluenced by environmental conditions. To observe this relationship further, cold cloud
area versus wso for deep convective regions over the ocean is shown in Figure [3.3a] The
regression line depicts a decrease in anvil area—a fractional decrease of 0.98 over a —0.5
to 0.5 Pa s~! vertical motion range—as subsidence increases. The p-value = 0, so the
linear regression is statistically significant. For testing the correlation, we apply a two-

tailed t-test with a 95% confidence level and set the degrees of freedom as the number of
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FiGURE 3.4: A. Same as Figure but for <Rain Rates> averaged along every
CloudSat swath. B. Same as Figure but for <Rain Rates> averaged along every
CloudSat swath.

unique days that CloudSat detects convection. We find that t..; = —9.78, which is less
than tg g5 = —1.96, meaning that the correlation coefficient of r = —0.36 is statistically
significant. Vigorous updrafts have the potential to hinder hydrometeor fallout, and the
amount of mass transported vertically and detrained is directly proportional to the up-
wards vertical velocity. It is therefore expected that cold cloud area increases with rising

motion.

[gel and van den Heever| (2015)) found that the minimum mean anvil width occurs

at 0.0 Pa/s and suggested that any magnitude of vertical velocity would cause anvil width
to get larger. Yet, Figure [3.3b] shows that the minimum in anvil fraction occurs when
subsidence is greatest. The mean of cold cloud area decreases with increasing subsidence
signifying that cold cloud area is highly sensitive to large-scale circulation.

We noticed in the last chapter that precipitation is more intense in regions of

strong vertical ascent, which corresponds with the fact that convective systems along
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FI1GURE 3.5: A. Same as Figure but for normalized SW CRE averaged along every
CloudSat swath. B. Same as Figure but for normalized SW CRE averaged along
every CloudSat swath.

the ITCZ produce most of the precipitation in the tropics. The extent that large-scale
circulation influences rain rates in regions that it is raining is considered in Figure [3.4]
Following the linear trend line in Figure [3.4a] the strength of precipitation decreases by
1.89 mm s Pa! hr=! over a —0.5 to 0.5 Pa s™! vertical motion range. The p-value of
0.0009 means that the slope is statistically significant.

There is a large spread in rain rates across all vertical regimes—except in the
strongest subsidence regime—as noted in Figure [3.4b] The decrease in rain rates isn’t
as prominent as the decrease in cold cloud area with vertical velocity increase (increased
subsidence), which is further illuminated by the correlation coefficient, r = —0.08, that
does not meet the 95% confidence level. Precipitation can be a proxy for convective
intensity (e.g., Tobin et al.| (2012))), so it follows that both CoG and conditional mean rain
rates aren’t depicting a strong sensitivity to varying environmental conditions, except for

the strong subsidence regime where both precipitation and intensity drop substantially.
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3.2.2 Influence on Radiative Characteristics

Because cloud radiative impacts are inextricably linked to precipitation efficiency—
defined as how effective cloud condensate is converted to surface precipitation—(Bony
et al., [2015] Stevens and Bony| 2013)), we expect that cloud radiative effects will vary
with environmental conditions much like precipitation yield does. We previously noticed
that convective systems in the regions where strong vertical rising motion and highest
precipitation yield occur have a larger SW effect—i.e. larger cooling effect—than in sub-
sidence regions. Looking at Figure [3.5] we find that the magnitude of SW CRE decreases
with increasing subsidence, showing a 200.15 W m~2 decrease over a —0.5 to 0.5 verti-
cal motion range. This relationship, designated by r = 0.42, is significant to the 95%
confidence level, which implies a strong cooling effect by convective systems in regions
where vertical updrafts dominate that lessens as updrafts weaken or go away. The cooling
effect is weakest where downdrafts are dominant. Figure shows a large spread in SW
CRE for environments with semi-strong updrafts (-0.30 — -0.1 Pa s™1), but the spread
decreases as vertical motion becomes more positive.

In Figure 2.9, we saw that LW CRE is largest along the I'TCZ, implying that
convective systems in this region have a strong warming effect in addition to the afore-
mentioned strong cooling effect. Much like the SW component, the LW effect by convec-
tive systems is smaller in subsidence regions than in regions of strong ascending motion.
These trends are noticeable in Figure which shows that the magnitude of LW CRE
decreases with increasing subsidence—by 169.08 W m~2 over a —0.5 to 0.5 Pa s™! vertical

motion range, and the sensitivity of LW CRE to vertical motion is statistically significant
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FIGURE 3.6: A. Same as Figure but for daytime LW CRE averaged along every
CloudSat swath. B. Same as Figure but for daytime LW CRE averaged along every
CloudSat swath.

to the 95% confidence level. The convective cloud’s LW radiative influence is most closely
associated with the cold cloud area for each range of vertical motion. As cold cloud area
increases, clouds both emit at a lower temperature than Earth’s surface and also have
absorption properties that lessen the radiative cooling from Earth’s surface. Hence, an
increase in cold cloud area, which is found in the strong vertical ascent regimes, increases
LW CRE and has a warming effect.

Both the tropics and the subtropics exhibit sufficient SW and LW radiative
components that when combined can contribute towards a feedback. Figure |3.7] shows
the general trend and spread in net CRE with vertical motion. Net CRE is negative
across the range of vertical motion, which shows that convective systems have a cooling
effect. The trend line shows net CRE slightly increasing with increasing subsidence, yet
the shortwave and longwave effects nearly cancel each other out such that the relationship

of net CRE to a change in vertical motion is not statistically significant.



47

400  m=30.04WsPa lm? 48 40 ~
p = 0.0008 _ -
r=0.10 42 e ' ' -
—~ 20 —~ 20 ! : ! -
e 36 < ! ' : RE
E € o : : : :
= 30 ~ = H | H H H
W —20 2S5 w20 - i
Y R D
O " O . : ,
© —40 © 40, ! : 5 5
z 12 =z ' ' ! ! -
-60 . -60 ! ! o - A
8820 —0.15 —0.10 —0.05 000 005 010 ° 807520 015 010 005 000 005
Wygo (P@ ™) wsgo (P s71)
() (B)

FI1GURE 3.7: A. Same as Figure but for daytime net CRE averaged along every
CloudSat swath. B. Same as Figure but for daytime net CRE averaged along every
CloudSat swath.

As mentioned previously, vertical motion doesn’t have a large impact on CoG
or rain rates, but it does strongly influence cold cloud area. As cold cloud area decreases,
there is a strong decrease in SW reflectivity, which points towards a few different scenarios
for how convection over ocean behaves for differing vertical motion strengths. One possible
scenario is that cold clouds are sufficiently and equally optically thick or “bright” across
the range of vertical motion to have a stronger SW radiative impact than LW radiative
impact. The reason for net CRE becoming less negative as vertical motion becomes
more positive would be solely due to the decrease in cloud cover. Another, more realistic
scenario is that cold cloud area is composed of a mix of thin and thick anvils with different
SW reflective capabilities such that the reduction in cloud amount doesn’t provide a
complete picture for how convective behavior alters radiative impacts.

The points in the previous paragraph are further complicated when examining

the interquartile range in net CRE with vertical motion (Figure|3.7b)). The highest mean
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and medians of net CRE occur where the magnitude of vertical motion is at minimum,
and the mean and medians of net CRE decrease as the magnitude of vertical motion
increases. In fact, the means and medians of net CRE are the most negative in the
highest subsidence regimes, but the spread in values in those regimes is shifted towards
less negative net CRE values, which causes the trend line in Figure [3.7a] to have a positive

slope.

3.2.3 Discussion

To answer our question on how environmental conditions influence the
physical and radiative properties of convective storms, both intensity and pre-
cipitation yield only weakly decrease as vertical motion increases. This implies that the
intensity and radiative impacts of the storms are highly variable while keeping vertical
motion constant, and point towards other factors, such as thermodynamic and cloud
microphysical influences, which could be contributing to the broad range in convective
behavior. It could also be that our analysis is capturing storms during varying lifecycle
stages, which we noted previously as there being drastically different behavior patterns
and radiative responses during different lifecycle stages. Yet, there is a strong decrease
in number of deep convective cores as well as cold cloud area with increasing subsidence.
Furthermore, while precipitation yield can give insight into the cloud radiative forcings,
the significant changes in LW and SW radiative responses may be most closely associated

with the differences in cold cloud area.
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F1GURE 3.8: Density plots of PATMOS-x CTT < 235 K for every 10°x10° region that
CloudSat detected a convective core between 2007-2010 varying with CoG in the (left)
top 25% ascending motion regime and (right) top 25% descending motion regime.

3.3 Role of Convective Intensity

3.3.1 Influence on Physical Characteristics

To understand how precipitation and radiation are expected to change as storm
intensity increases with climate, this next section will look at sensitivities between inten-
sity and convective systems’ physical and radiative characteristics. The relationships are
sorted by the top 25% of vertical rising and subsiding motion to isolate the dynamical
influences on convective behavior.

How changes in intensity influence cold cloud area can provide insight into the
processes driving convective behavior. Figure |3.8/shows that in regions of strong vertical
ascent and descent, cold cloud area increases with increasing convective intensity, and this

relationship is significant to the 95% confidence level for both dynamical regimes. These
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FiGure 3.9: Like Figure but for <rain rates> averaged along every CloudSat
swath.

two variables are slightly more sensitive to each other in the regime of strong downdrafts,
with a 0.03 fraction change in cloud cover per unit height increase in storms’ CoG com-
pared to the 0.02 fractional increase found in the strong ascending motion regime. But
the difference between sensitivities is not very large, and is consistent with how intensity
behaves in different environments. In regions where subsidence occurs, convective systems
tend to stabilize the atmosphere and cause anvils to spread, which explains the increase in
cold cloud cover as intensity increases. Convective systems across all dynamical regimes
would have enhanced convective mass fluxes and detrainment as intensity rises. Yet, in
the strong rising motion regime, the higher the convective intensity goes, detrainment
isn’t as favorable as it is in the subsidence region because the atmosphere is unstable, so
clouds would tend towards rising as opposed to spreading.

We mentioned earlier that precipitation is often used as a proxy for convective
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intensity, so we expect that precipitation and intensity are closely linked. Figure|3.9|shows
that there is a statistically significant, to the 95% confidence level, increase in rain rates
with convective intensity for both regimes—increasing by almost 0.5 mm/hr with each
kilometer increase in CoG. Physically, this means that precipitation efficiency increases
as convective intensity does, which is consistent with how precipitation is expected to
behave with climate (Held and Soden) 2006). The increase in precipitation with convective
intensity is only slightly stronger in the rising motion regime than in the strong descending
regime—by 0.08 mm hr=! km~!. While we already noted that CoG and rain yield aren’t
individually largely sensitive to environment conditions, these results suggest that the

relationship between these two characteristics only weakly depend on the environment.

3.3.2 Influence on Radiative Characteristics

RCE implies that changes in global mean precipitation are constrained by vari-
ations in atmospheric radiative cooling, so cloud radiative responses can be linked to
changes in precipitation yield and frequency (Held and Soden, 2006| Stephens and El-
lis, 2008). As precipitation increases with increasing convective intensity, the radiative
responses could influence climate sensitivity by generating a feedback. To examine this
idea, we analyze how a change in convective intensity influences the SW and LW cloud
forcing components to understand how they contribute to the net radiative response. The
following results show SW, LW, and net CRE varying with convective intensity sorted by
the top 25% of vertical rising and subsiding motion to isolate the dynamical influences

(Bony et al., 2004).
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Sat swath.

Figure shows how SW CRE varies with convective intensity. The corre-
lations between SW CRE and CoG on in both vertical motion environments are not
statistically significant to the 95% confidence level despite there being seemingly oppo-
site trend line behaviors between the two environments. For the ascending regions, it is
likely that there is no relationship between SW CRE and CoG, or that the relationship is
nonlinear. The descent case likely does not have enough data to determine a relationship.

Figure depicts the behavior of LW cloud forcing with convective intensity.
LW CRE increases with increasing intensity for both regimes, which makes sense given
the cold cloud area increase with intensity for both regimes. However, the correlation
between LW CRE and CoG are not significant to the 95% confidence level for either
vertical motion environment. Thus, we cannot explicitly say that as convective intensity

increases, the LW contribution from convective storms will have an enhanced warming
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FIGURE 3.11: Like Figurebut for daytime LW CRE averaged along every CloudSat
swath.

effect.

Combining SW and LW can give a clearer picture of the total radiative impacts
than examining each one on their own. Fig. [3.12 shows that net CRE trend is negative
for both regimes across all CoG heights, meaning that convective systems tend to have
a cooling effect. Yet, in the rising motion regime net CRE increases by 3.07 W m? per
kilometer increase in deep convective CoG, and the correlation is significant to the 95%
confidence level. This trend arises from the slight decrease in magnitude of SW cloud
forcing adding to the positive increase in LW forcing, which implies that the cooling effect
weakens with convective intensity. It appears that this trend would be more positively
steep if it weren’t for a few largely negative net CRE outliers. This is opposed to the
vertical descent environment in which the SW and LW effects nearly cancel each other

out and net CRE is nearly neutral—the trend increases by 0.41 W m? per kilometer
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FIGURE 3.12: Like Figure but for daytime net CRE averaged along every CloudSat
swath.

increase in deep convective CoG as convective intensity increases. As a result of the
shortwave and longwave effects canceling each other out, the correlation between net
CRE and convective intensity is not statistically significant. The net CRE trend is less
negative in the subsidence regime than in the rising motion regime for CoG heights up
to about 8 km, which from Figure is roughly the mean value of CoG for most of the
dynamical regimes. If convective intensity is expected to increase with climate, the mean
value of CoG will most likely rise and, according to these trends, could flip the sign of

net CRE—resulting in a positive feedback.

3.3.3 Discussion
In answering how do differing convective intensities influence convective

behavior for a given dynamical environment, we find that cold cloud area increases
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with increasing convective intensity for both dynamical regimes, but that the sensitivity
between these two variables is marginally larger in the strong subsidence regime. The
strong relationship between precipitation and convective intensity is apparent in both
regimes, but is noticeably stronger in the region of strong ascending motion. Precipitation
yield increasing with convective intensity is consistent with current literature suggesting
that precipitation efficiency is expected to increase in regions where convective intensity
increases with climate change.

The question of whether SW or LW cloud forcing is dominant in certain
regions can be answered by looking at how the SW and LW CREs add together to
produce the net radiative impact. For both dynamical regimes, the SW component
dominates and produces an overall negative net CRE across all intensities. The change
in net CRE increases with intensity for the regions of ascending motion, which implies
that the LW cloud forcing component becomes prevalent as intensity increases. However,
in the subsidence regime the change in net CRE is nearly zero, meaning that the SW and
LW effects nearly cancel each other. These impacts can be explained by understanding
how convective morphology, such as cold cloud area, the distribution and size of deep

convective cores, and precipitation amounts, evolve within differing dynamical regimes.
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Chapter 4

Discussion and Future Work

This study combines observations from the A-Train constellation and PATMOS-x to
study how convective behavior over the ocean and their radiative responses evolve under
varying dynamical conditions supplied by vertical motion data. CTTs from PATMOS-x
provides large spatial coverage, as well as high spatial and temporal resolution, to describe
the cold cloud area created by convective updrafts. CloudSat’s CPR complements these
products with highly sensitive measurements of intensity to give insight on the relation-
ships between convective intensity and the anvils that are generated. Combining these
results with AMSR-E’s, CloudSat/CALIPSO’s, and MERRA reanalyses’ rain, radiative

flux, and meteorology data sets demonstrates the advantages of collocating observations.

4.1 Ties to Convective Aggregation

Results from this study provides physical insights into convective aggregation.
CRM and GCM simulations and observations show that with increased convective orga-

nization, anvil cloud cover shrinks (e.g. |Bony et al. (2016), Tobin et al. (2013} 2012),
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Wing and Cronin| (2016])). Assuming that with increased organized convection over the
ocean there is an increase in convective intensity, and, therefore, CoG, we did not notice
a decrease in anvil cloud cover; in fact, we found that as convective intensity increased,
cold cloud area increased as well. An important note to mention is that studies show
that a decline in anvil cloud cover is mostly influenced by an increase in SST (Bretherton
et al.; 2005| Coppin and Bony, 2015| Igel and van den Heever, |2015), which is a variable
that we did not consider.

Studies suggest that as convection becomes aggregated, convective intensity and
precipitation efficiency are supposed to increase in confined regions. Our results show that
the size of convective cores and precipitation yield increase with intensity, affirming these
previous studies. Our results also show that intensity and precipitation yield aren’t highly
sensitive to dynamical environments, which agrees with [Igel and van den Heever| (2015)),
so the precipitation response to increasing intensity is constant for all environments.

Radiative responses, however, are very much dependent upon environment con-
ditions. In regions of strong updrafts, the SW effect is more significant than the clouds’
LW forcing, but the LW contribution becomes more significant and SW becomes less so as
intensity increases, which is noticeable in the negative net CRE that decreases in magni-
tude with increasing intensity. In regions of strong downdrafts, net CRE is negative and
only marginally varies with an increase in intensity. There is, therefore, a larger radiative
response to convective intensity in large-scale ascent compared to descent regimes. With-
out looking at different dynamical regimes, [Tobin et al.| (2012)) and Tobin et al.| (2013)

noticed that net CRE of increased organized convection was near-zero due to SW and
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LW effects cancelling each other, and suggested that despite the near-zero net CRE, the
distribution of radiative heating in the atmosphere could be largely impacted because
the distribution of convective organization is itself influenced. Our results further suggest
that the difference in radiative responses between different environments could contribute
to differentials in radiative heating at TOA, which could alter large-scale circulation and

how cloud cover is distributed (Tobin et al., 2012).

4.2 Climate-scale Impacts

In addition to shifts in convective radiative responses that may impact large-
scale circulation, as the Earth warms with climate change, tropical circulation is expected
to weaken, which implies a weakening in the rate of total atmospheric mass transport
(Bony et al.l 2013, Chadwick et al., 2013|, [Merlis, [2015). This is consistent with the
imbalance between an expected large increase in atmospheric water vapor following the
Clausius-Clapeyron relation and a much slower increase in precipitation yield (Held and
Soden), 2006], Stephens and Ellis, 2008). The ascent region of the Hadley cell dominated
by the ITCZ is expected to narrow and weaken in transporting mass vertically, while its
subsidence region is expected to expand (Lu et al., 2007), following the expected increase
in radiative cooling in regions of descending motion (Knutson and Manabe, (1995, Lau
and Kim, 2015). In addition to the narrowing and weakening in strength, the ITCZ’s
precipitation yield is expected to increase (Lau and Wuj [2007) and the ITCZ is projected
to remain in the same location with climate change (Byrne et al., 2018)).

Projected responses of the ITCZ to climate change are dependent upon the
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net energy input to the atmosphere, as well as dynamical and thermodynamic processes
responsible for transporting energy (Byrne and Schneider, |2016a,b)). For the current cli-
mate, our results show that for weak ascending motion, convective systems decrease only
slightly in intensity and precipitation yield, with a much stronger decrease in cold cloud
area. Weakened ascending motion suggests that more investigation into the radiative
impacts from convective systems in near-zero vertical motion regimes should be done.
As is currently the case, convective systems in a weaker ascending motion regime have a
smaller negative net CRE compared to systems in regions of strong ascent. The expanding
subsidence region suggests that convective systems in subsidence regions could increase.
Our results show that convective systems in subsidence regions are less vertically intense
with smaller precipitation rates and cold cloud areas than convective systems in regions
of ascent. The trend line in suggests that net CRE becomes less negative as sub-
sidence increases. It is important to note that our results do not reflect how convection

will behave and contribute to Earth’s radiative budget in a warming climate.

4.3 Limitations in Analysis

There are some limitations in our current analysis that should be addressed. The
10°x10° domain size is most likely too large for partitioning vertical velocity behavior into
different regimes. This is evident in Figure because the ITCZ doesn’t expand 10° in
latitude. Future work could involve splitting the Atlantic into smaller domains. Another
way to resolve this issue, as well as a potential issue of splitting up storm systems using a

fixed-domain method, is using a modification of the cloud-object identification method in
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lgel et al. (2014): first identify the deep convective core using CloudSat’s convective flag
product, and then average variables within a certain designated region from the convective
core. Each convective system and their associated physical and radiative characteristics
would be sorted by vertical motion averaged over the cloud object only. “Clear objects”
would also be defined, which includes characterizing clear sky between convective cores,
so that we could relate to the convective aggregation theory.

Another drawback to our current analysis is that CloudSat overpasses most
likely misses large storm systems that PATMOS-x detects because of PATMOS-x’s large
spatial coverage, which could possibly be creating a sampling issue and might be skewing
the relationship between convective intensity and cold cloud area. Taking advantage of
CTT < 195 K from PATMOS-x could be useful for identifying the convective cores that

CloudSat misses.

4.4 Future Work

The focus of this study takes into account environmental conditions, yet there
are external influences to large-scale circulation that we need to consider to refine our
analysis. A synoptic-scale event that could be influencing our subsidence regime results
is the African Easterly Jet at 700 hPa, which has coastal effects on large-scale circulation
(Adebiyi and Zuidema, 2016)). Future work could involve observing mean wsgg within
each 10°x10° ocean-only domain in the tropical North Atlantic, diagnosing the coastal
impacts, and then excluding regions being impacted to refine our analysis.

In order to understand the total radiative impact of convective systems, it would
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be useful to determine both the physical and radiative influence of convective systems that
formed in zero or relatively weak vertical velocity regimes. Bony et al. (2004) noticed that
while individual systems that formed in this domain contributed significantly to Earth’s
radiation budget, these systems were so prevalent that collectively their influences were
significant.

Examining precipitation on its own is useful for diagnosing regional hydrology,
but doesn’t provide information on how the water cycle is connected to Earth’s radiation
budget. Studies have looked into combining these features using cloud impact parameters
(CIPs) (Daloz et al., 2018). CIPs combine the SW and LW cloud radiative impacts by
measuring the strength of the cloud albedo, greenhouse effects, and their ratio. Imple-
menting CIPs would quantify the link between the energetics and hydrological impact
of convective systems by measuring how efficiently precipitation radiatively heats the
atmosphere and cools the Earth’s surface (Daloz et al., |2018)).

Igel and van den Heever| (2015) noticed the influence that meteorological vari-
ables had on convective systems’ physical and radiative characteristics. Because convec-
tive intensity and precipitation were only weakly sensitive to vertical pressure velocity, it
would be interesting to look into other meteorological influences on convective behavior
within a single dynamic regime. Sorting behavior by SST and cloud water vapor (CWV)
could provide information on the thermodynamics impacting convection. We could also
look into how anvil cloud cover responds to increasing SST to determine any aggregate
behavior. Using CAPE as another proxy for determining if convection over the ocean

is favorable in space and time can provide a more thorough examination of convective
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behavior.

In the future, we plan to extend the analysis to the Southern Hemisphere, as well
as over land to observe how the behavior and radiative responses of convection change
between ocean and land. A comparison of convective behavior over the Atlantic Oean
and Pacific Ocean will also be done.

We also seek to track the life cycle of convection to observe how convective pro-
cesses and their radiative responses change over the life span of a single system (Bouniol
et al., 2016, Fiolleau and Roca, 2013, Protopapadaki et al. 2017, Roca et al. 2017).
Merging a machine-learning algorithm with the “TOOCAN” technique adapted from |Fi-
olleau and Rocal (2013) should quantify how convective regions spread through space and
time. Applying our tracking algorithm, we will categorize all such scenes observed over
the full 11-year CloudSat mission into developing, mature, and dissipating stages of the
convective lifecycle and sort the sensitivity of precipitation and radiative impacts to con-
vective intensity and area accordingly. We will analyze the characteristics of convection
in relation to convective life cycle to find the dominant physical processes in each stage.
We expect that the precipitation contribution will be largest during the mature stage,
while the enhanced positive LW cloud forcing may be largest during the dissipating stage.
With this algorithm and the convective attributes described in the first task, we will have
a more accurate depiction of how the size and duration of convective cores, precipitat-
ing regions, thick anvils, and thin cirrus evolve over the different stages of convective
organization. We will also be able to determine how these characteristics and the corre-

sponding precipitation and radiative impacts at different stages of storm maturity vary
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with environmental conditions, which will test the implications of convective aggregation.

Both our current and future analyses provide useful metrics for assessing the rep-
resentation of the relationships between precipitation and radiative impacts and, there-
fore, the processes that drive them in models. This will be demonstrated by implementing
identical diagnostics in the Regional Atmospheric Modeling System (RAMS), which is a
large-domain Cloud Resolving Model (CRM) that assumes radiative-convective equilib-
rium (Cotton et al., 2003). The model will simulate observations of the system with
varying environmental conditions and microphysics that we will use to calculate the re-
lationships between precipitation and radiative impacts of convective systems. These
relationships will be compared to observations to ensure the initial model state is similar

to reality. Finally, we will examine perturbations as a result of CO2 increases.
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