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Abstract

Aerosols significantly impact the climate through their interactions with clouds, where
the magnitude and uncertainty of the radiative forcing of aerosol-cloud interactions
vary by cloud type. This uncertainty is particularly pronounced for deep convective
clouds. Tropical deep convection and its associated cirrus outflows have a near-zero
net cloud radiative effect (CRE) due to the offset between shortwave cooling and long-
wave warming. Therefore, minor changes in the properties of deep convection or as-
sociated anvil cirrus, such as those caused by aerosols, could impact the net CRE. Un-
derstanding what controls the radiative evolution of deep convection is vital to better

constrain aerosol-cloud interactions.

This thesis introduces a novel method to examine the evolution of deep convective
clouds, from the short-lived, optically-thick convective cores to the thin detrained cir-
rus that can persist for days after the initial convection has dissipated. The radiative
evolution of clouds along trajectories from deep convection is investigated, revealing
a positive total high cloud CRE. The anvil cirrus lifetime is calculated, with longer
lifetimes observed for detrained cirrus from oceanic rather than terrestrial convection.

Longer lifetimes increase the total high cloud CRE.

It is found that stronger convection produces detrained cirrus with greater warming
over their entire lifetime, primarily driven by changes in the SW CRE due to diurnal
variability in convection. Finally, the sensitivity of the detrained cirrus CRE to the
convective strength is linked to the sensitivity of the high cloud top pressure to the
aerosol optical depth, accounting for the non-local impact aerosols may have on de-
trained cirrus some distance away from the initial convection. This thesis provides an
upper bound on aerosol impacts on tropical high cloud CRE. By introducing a novel
equation to quantify non-local aerosol effects, it provides a framework for assessing
such impacts under various scenarios, enhancing our understanding of aerosol-cloud

interactions.
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Chapter 1

Introduction

1.1 Clouds and climate change

1.1.1 Role of clouds in the Earth’s radiative balance

Clouds play a fundamental role in balancing the Earth’s radiative budget through the
absorption and reflection of solar and terrestrial radiation. Depending on their size, lo-
cation, and optical properties, clouds can cool or warm the atmosphere and, as part of
large-scale circulations, transport water and energy in the form of latent heat to differ-
ent latitudes and longitudes (Lohmann et al., 2016). Clouds are inevitably influenced
by their environment, and these systems create complex feedbacks that regulate the
planet’s energy budget and can be perturbed significantly by anthropogenic aerosol

emissions (Kristjdnsson et al., 2005).

The response of clouds to their environment depends on their properties, most im-
portantly their optical depth (a measure of how opaque they are to incoming solar
radiation), liquid water content, and their height. It is useful to split up clouds by type

to assess their individual radiative properties, record their frequency, and simplify our

18
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understanding of how different types of clouds interact with their environment. Luke
Howard first attempted this qualitatively in 1803 (Howard, 1803), with modern cloud
classifications being performed by cloud climatology projects such as the International
Satellite Cloud Climatology Project, ISCCP (Schiffer and Rossow, 1983). Rossow and
Schiffer (1999) classified clouds by cloud optical depth and cloud top pressure into the
ISCCP categories shown in Fig 1.1:

ISCCP CLOUD CLASSIFICATION

i ! | | )
180 |— —
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Figure 1.1: ISCCP Cloud Classifications from cloud optical depth and cloud top pres-
sure joint histograms (Rossow and Schiffer, 1999)
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20 1. Introduction

Radiative effects of clouds

Clouds cool the atmosphere by reflecting incoming solar shortwave (SW) radiation
back into space and warm it through the absorption and re-emission of longwave (LW)
terrestrial radiation, reducing the amount of LW radiation that is allowed to escape to
space relative to clear sky. The albedo of a cloud determines how much solar radia-
tion it reflects back to space. The albedo of a cloud is governed by its optical depth
(7), which in turn is determined by its liquid water path (LWP) and droplet number

concentration (N,.) (Platnick and Twomey, 1994).

Optically thick, warm-top clouds, such as stratocumulus, are highly reflective (high
albedo) and cool the atmosphere because their LW warming is small. Much of the
albedo cooling effect also comes from deep convective clouds in the tropics and stratus
clouds in the mid-high latitudes (Hartmann et al., 1992). On the other hand, optically
thinner (7 < 10), high-altitude cirrus clouds may warm the atmosphere in much the
same way as greenhouse gases. By trapping outgoing LW radiation from the surface
of the Earth without reflecting much solar SW radiation, cirrus clouds can have a net
warming effect (Choi and Ho, 2006). In the tropics, Hartmann et al. (1992) and Futyan
et al. (2004) suggest these two SW and LW effects, whilst individually large, generally
cancel out, leading to a net zero cloud radiative effect (CRE) in the region. Figure 1.2
shows the LW, SW and net top of atmosphere, TOA, CRE (Boucher et al., 2013). The
global mean CRE is -20Wm ™2, composed of a SW cooling of -50Wm ™2 and a smaller
LW warming of 30Wm 2. Importantly, because the SW and LW effects are large in the
tropics, any small percentage change in the individual components, due to aerosol for

example, can greatly impact the net CRE.
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(@) Shortwave (global mean = —-47.3 W m?)
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Figure 1.2: Annual mean TOA (a) shortwave (SW), (b) longwave (LW) and (c) Net
cloud radiative effect relative to clear-sky conditions calculated from CERES satellite
data for the period 2001-2011. Adapted from (Boucher et al., 2013)

1.2 Aerosols

Aerosols are very small (nm to pm scale) solid and liquid particles suspended in the
air. Also known as particulate matter, they have a range of anthropogenic and natural
sources. Anthropogenic aerosols, such as sulfur dioxide, are emitted from transporta-
tion or from industrial activity. Natural aerosols also have a variety of sources, from
sea salt spray to desert dust (Andreae and Rosenfeld, 2008). Aerosols are removed
through the atmosphere through wet and dry deposition. Wet deposition removes
aerosols from the atmosphere with precipitation and dominates compared to dry de-
position (Textor et al., 2006). Dry deposition occurs when aerosols are removed from
the atmosphere through gravity. Aerosols affect the radiative budget of the atmosphere
through their direct effect (absorption and scattering of incoming shortwave solar and
outgoing longwave terrestrial radiation) and their indirect effect (through the altering
of cloud microphysical properties and precipitation efficiencies that alter the radiative
effects of clouds (Forster et al., 2021)). The concentration of aerosols in the atmosphere
is highly spatio-temporally heterogeneous, owing to the different lifetimes of aerosols

and their varying sources and sinks (Remer et al., 2008). As such, their direct radiative
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22 1. Introduction

effects are also much more regionally and temporally variable than greenhouse gases,

which have a much more homogeneous radiative forcing (Grandey et al., 2018).

1.2.1 Aerosol optical depth

The aerosol optical depth (AOD) is one of the most useful remote sensing parameters
for measuring the total amount of aerosol in the atmosphere due to it’s large spatial
coverage in satellites. The AOD measures the extinction of light within a column of
aerosol in the atmosphere. An optical depth of around 0.4 or above is considered a
polluted or hazy environment. As the name suggests, AOD is a vertically integrated
optical property of the aerosol, so tells us a limited amount about the chemical and
physical properties of the aerosol (Stier, 2016). These properties influence not only the

radiative effect of the aerosol but also how they interact with clouds.

1.2.2 Direct effect

Aerosols have a direct overall cooling effect on the Earth’s radiative budget through the
scattering and absorption of solar radiation. The amount of scattering and absorption,
and thus the amount of cooling or warming, depends on the size and distribution of
the aerosols as well as molecular properties such as aerosol optical depth (7), single
scattering albedo (wy) and the refractive index (Hansen et al., 1997). Black carbon, for
example, will absorb solar radiation more than highly reflective sulfates and, as such,
warm the layer of the atmosphere they are in whilst cooling the surface. Attempts have
been made to bound the total anthropogenic direct aerosol forcing, RF,,;, (radiative
forcing from aerosol-radiation interactions) with Bellouin et al. (2020) giving a value

for the RE,,; between -0.45 Wm~2 and -0.05 Wm 2.
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Adjustments to aerosol-radiation interaction

Aerosol perturbations to the atmosphere’s radiative properties also affect cloud mi-
crophysical properties and evolution (Wang, 2013; Rosenfeld et al., 2014), as well as
changes to the composition of the atmosphere. These are the adjustments to the aerosol
radiation interaction (ARI) and contribute some of the largest uncertainties in climate
forcing (Forster et al., 2021). Many of these adjustments come from absorbing aerosols.
In contrast to aerosols that act as cloud condensation nuclei (CCN), absorbing aerosols
such as black carbon (BC) significantly warm the layer of the atmosphere they reside
in through absorption and cool the surface through both absorption and scattering of
radiation (Wang, 2013). This leads to an overall TOA positive radiative forcing for the
absorbing aerosols (Myhre et al., 1998; Penner et al., 1998; Bond et al., 2013) and influ-
ences cloud evolution and properties through atmospheric heating and surface cool-
ing. This semi-direct effect may reduce low cloud cover through atmospheric heating
and a reduction in the relative humidity (Hansen et al., 1997). These adjustments to the
ARI are thought to be small and mainly offset by the direct effect (Bellouin et al., 2020).
The cooling from the direct effect is less when rapid adjustments are made, with the ef-
fective radiative forcing (i.e the radiative forcing taking into account the adjustments)

ERF,,; given between -0.71 and +0.14 Wm~2 (Bellouin et al., 2020).

1.3 Aerosol cloud interactions

In addition to their direct radiative forcing, aerosols also affect cloud radiative forcing
through the indirect effect, whereby aerosols increase the albedo of a cloud, causing
it to reflect more incoming SW radiation. Aerosols also alter cloud microphysical and

thus radiative properties; these are known as adjustments.
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Twomey effect

The fundamental mechanisms by which aerosols alter cloud properties is through
their behaviour as cloud condensation nuclei (CCN) and ice nucleating particles (INP).
Cloud droplets form on aerosols, such as dust or anthropogenic aerosols (Aitken, 1882).
Acting as CCN, aerosols cause a higher number of smaller cloud droplets to form
(Twomey, 1974). By increasing the cloud droplet number concentration (/V;), Twomey
(1977) showed that for a fixed LWP (liquid water path), the relationship between Ny
and cloud optical depth, 7 is:

T X Nd% (1.1)

By increasing the cloud’s optical depth (and thus its albedo), aerosols increase the
amount of SW radiation it reflects, thereby having a cooling effect and negative ra-

diative forcing.

Adjustments to aerosol-cloud interactions

Aerosols also cause adjustments to cloud lifetimes and precipitation efficiencies. Al-
brecht (1989) showed that the precipitation efficiency decreased for clouds with smaller
cloud droplets formed in the presence of aerosols, causing the clouds to have larger
LWP and longer lifetimes. This precipitation suppression has been observed in satel-
lite studies (Fan et al., 2020), however aerosol driven changes to the LWP present large
uncertainties in climate forcing calculations (Ackerman et al., 2004; Toll et al., 2019).
Precipitation suppression also reduces the amount of wet scavenging (aerosol deple-
tion through precipitation) that occurs, causing aerosol residence times to increase (Jing

and Suzuki, 2018).

The adjustments to cloud lifetime and LWP contributes a small warming effect to the
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Figure 1.3: Schematic showing aerosol cloud effects and adjustments for liquid clouds
and ice clouds, taken from Christensen et al. (2014).

overall effective radiative forcing (Bellouin et al., 2020). An increase in N, via aerosol
loading can also deplete LWP. Smaller droplets are more likely to evaporate quickly,
which entrains dry air into the cloud and reducing the LWP of the cloud (Ackerman
et al.,, 2004; Xue and Feingold, 2006). This may in turn reduced the cloud albedo
(Stevens and Feingold, 2009). This negative LWP response has been observed at high
aerosol loading (Gryspeerdt et al., 2022).

As well as longer lifetimes, Pincus and Baker (1994) predicted that aerosol loading,
through precipitation suppression, caused higher cloud tops in stratocumulus clouds.

As mentioned, precipitation suppression also reduced wet scavenging. Combining
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these two adjustments means that increased aerosol concentrations are hypothesised to
sometimes cause clouds to live longer and reflect more SW solar radiation through an
increased albedo, emphasising the indirect effect and contributing further to a cooling
CRE. Figure 3.2 shows a schematic of adjustments and cloud aerosol interactions for

liquid and mixed-phase clouds from Christensen et al. (2014).

1.4 Total radiative forcing

Estimates of the total radiative forcing from the direct (RFari), indirect (RFaci), adjust-
ments to the ACI (RAaci from the CF and LWP) and ARI (RAari), and the total effective
radiative forcing (ERF, bottom-up estimate) from Bellouin et al. (2020) are given in Fig-

ure 1.4.
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Figure 1.4: Radiative forcing of individual bottom-up components from Bellouin et al.
(2020), compared to the top-down estimates from Stevens (2015).
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A comparison to the top-down estimate from Stevens (2015) is also shown. Top down
estimates are also given by Murphy et al. (2009) who, using TOA radiation budget
measurements from satellites calculate an ERF of -0.6Wm ™2 to -1.5Wm 2. Cherian et al.
(2014) uses observations of aerosol trends of Europe to constrain the ERF in global cir-
culation models to obtain a value for the global ERF of between -0.9 Wm™2 to -1.5
Wm™2. There is a large overall negative forcing given by Bellouin et al. (2020), with a
lower and upper bound of -3.15Wm~2 and -0.35Wm~? respectively, with negative con-
tributions coming from the direct and indirect effect and their associated adjustments.
The only positive warming contribution from Bellouin et al. (2020) is the adjustments

to the aerosol-cloud interaction associated with a change in the LWP.

Bellouin et al. (2020) notes that their own estimates of the radiative forcing do not
take into account the effects of aerosols on mixed-phase clouds, which include deep
convective regimes, as models do not simulate them and there are no observational
constraints. Constraining the aerosol effects on mixed-phase clouds is vital to better
understand the present-day aerosol forcing and reduce the gap between the bottom-up
and top-down estimates of radiative forcing. Reconciling these two estimates of radia-
tive forcing requires either some 'missing warming’ that is not currently accounted for
in the bottom up ERF, or the cooling effect in current bottom up estimates being smaller
than originally thought. One component of this challenge, and something that could
be responsible for some of the missing warming, is constraining the aerosol effects on
deep convective regimes, from the deep convective cores to the anvil cirrus that flow

from them.
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1.5 Deep convection

1.5.1 Tropical deep convection

Deep convective clouds (DCC) occur mostly in tropical and subtropical regions. They
are characterized by one or more convective cores (cumulus towers), with strong up-
drafts that merge the cores at higher altitudes, and large anvils flowing out from the
region of convective activity (Fan et al., 2013). Deep convection plays a vital role in the
Earth’s energy budget, as the latent heating from convection drives the large-scale cir-
culation of the Hadley and Walker cells, transporting heat and water from the tropics

to the mid to high latitudes (Heintzenberg and Charlson, 2009).

The TOA radiative forcing from deep convective clouds in the tropics can vary greatly
depending on the optical depth of the cloud. Hartmann et al. (2001b) found that the
TOA radiative forcing of DCC ranged between +20 to -119 Wm?, with the optical depth
of tropical DCC ranging from 1 to 60 in the upper troposphere. Characterised by high,
optically thick cloud tops, they reflect incoming shortwave solar radiation. However,
they also have a significant warming effect due to their high cloud tops. These two bal-
ancing factors, and the fact that DCC tends to be accompanied by more optically thin
high clouds, mean the overall net radiative forcing from regions of tropical convection
tends to be small. Because of this balance, understanding the controls on deep con-
vection and the outflow of anvil cirrus is important in our estimates of future climate
change. A small percentage change in the large forcing from the cirrus clouds could

significantly impact this balance.
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1.5.2 Convective invigoration

The schematic of Twomey indirect effect and adjustments shown in Figure 3.2, whilst
useful, is a simplification of the processes that occur in response to a perturbation in
the concentration of CCN, particularly in mixed-phase clouds such as DCC (Lebo and
Seinfeld, 2011). The complexity of the dynamics (vertical updraft, wind shear) and ice
processes in mixed-phase clouds also means that isolating the effects of aerosols from

the meteorological conditions that also influence convective clouds is difficult.
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Figure 1.5: Convective cloud growth and decay in both pristine (top) and polluted
(bottom) environments, showing the effect of aerosol CCN invigoration (Rosenfeld
et al., 2008). Reprinted with permission from AAAS.

Studies have hypothesised that aerosol loading increases convective strength, with the-
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oretical works from Williams et al. (2002), Rosenfeld et al. (2008), and Stevens and Fein-
gold (2009) and observational works from Koren et al. (2005), Koren et al. (2010b), and

Koren et al. (2010a) supporting this hypothesis.

Rosenfeld et al. (2008) made the case that aerosols can both increase and decrease pre-
cipitation in convective clouds. Decreased precipitation can occur when aerosols scat-
ter and absorb solar radiation, reducing the amount of surface heating and, thus, the
amount of evaporated water available for convective cloud production. On the other
hand, Rosenfeld et al. (2008) also hypothesised the idea of ‘cold phase” invigoration,
which can delay precipitation and increase its intensity. As with the Twomey effect,
aerosols acting as CCN cause smaller cloud droplets to form. This suppresses precipi-
tation in convective clouds through delayed coalescence of rain droplets. This allows
the smaller cloud droplets to travel higher into the convective core. These smaller
droplets freeze at a higher altitude, releasing energy in the form of latent heat, which
drives further convection and the transportation of moisture higher into the tropo-
sphere. Figure 1.5 shows a schematic of aerosol invigoration leading to delayed but
larger precipitation. Critical examinations of this particular theory have suggested that
it is not a large contributing factor to aerosol invigoration (Igel and van den Heever,
2021). Simplified parcel simulations have shown that updrafts could actually weaken
with precipitation suppression (Peters et al., 2023), through increased entrainment.
Nevertheless, an observational study of increased lightning along shipping lanes from
Thornton et al. (2017) provides evidence of some relationship between AOD and in-

creased intensity of tropical convection.

Many have also hypothesised a ‘warm-phase’ invigoration that is distinct from the
‘cold-phase’” invigoration described above (Fan et al., 2018; Koren et al., 2014; Cotton
and Walko, 2021). The ‘warm-phase’ invigoration hypothesises that, in the presence

of ultrafine aerosols (UAP<50nm in diameter), more cloud droplets condense above
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the cloud base; this lowers the supersaturation and increases the amount of latent heat
released in the cloud to drive convection. The larger amount of condensate also con-
tributes to an increase in the warm rain rate and supercooled water, which freezes and
adds more latent heat to drive convection and storm electrification. Warm phase in-
vigoration is thought to be a more likely mechanism for invigoration than cold phase
(Varble et al., 2023). However studies have also shown that aerosol loading decreases
shallow cumulus lifetime due to entrainment effects (Jiang et al., 2006). It is not clear

whether these processes counter invigoration in deep convection.

In contrast to the above mechanisms, simulations from Abbott and Cronin (2021) hy-
pothesised that convective invigoration was driven not through the cold or warm
phased mechanisms but, in fact, was due to an increase in environmental humidity
that is caused by aerosols mixing more condensed water in with the surrounding air.
There are no observational studies supporting this work, but unlike the cold and warm
phase mechanisms, it takes into account the environmental factors as well as the cloud
microphysics and doesn’t depend on ice phase processes. However, work from Da-
gan et al. (2022) suggests that these mechanisms might be an artefact of the boundary

conditions of the simulation.

Although there is much uncertainty around mechanisms that drive invigoration in
deep convection, some attempts have been made to quantify the radiative forcing due
to invigoration. Andreae et al. (2004) showed the potential for warming from invig-
oration in field campaigns looking at wildfires over the Amazon. Fan et al. (2012)
suggested, using high resolution model simulations, that there could be large positive
warming of +5.6Wm™2. Blossey et al. (2018) found an insignificant change in the net
CRE in simulations of a modelled shipping lane. Koren et al. (2010b) and Rosenfeld
et al. (2014) both suggest, but do not show, that changes in the wind profile could im-

pact cirrus clouds, by reducing their optical depth and increasing their detrainment
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height, to induce a strong warming. These conflicting theoretical and observational
results highlight the uncertainty in the response of high clouds to aerosol. More work
needs to be done to quantify the radiative impacts that anvil cirrus clouds may have
due to changes in properties of deep convection and to explain the mechanisms re-

sponsible for results from, e.g. Thornton et al. (2017).

Observing aerosol invigoration is not straightforward due to the difficulties in retriev-
ing the aerosol AOD and N, in the same pixel (Bellouin et al., 2020; Gryspeerdt et al.,
2015a), separating meteorological effects from aerosol effects, and choosing suitable
proxies for determining ‘convective strength’. Williams et al. (2002) first observed po-
tential invigoration by analysing lightning rates, convective available potential energy
(CAPE), and aerosol in the Amazon. CAPE is defined as the integrated amount of work
that an upward buoyancy force would perform on an air parcel if it rose vertically in
the atmosphere. A nonzero CAPE indicates atmospheric instability, with a positive
CAPE indicating an air parcel would rise and a negative CAPE indicating a fall. Stud-
ies often used proxies rather than CAPE itself for measuring convective invigoration.
Jensen et al. (2018) showed that an increasing CAPE correlated with higher cloud frac-
tion and higher cloud top height. Rosenfeld et al. (2008) explored the non-linear rela-
tionship between the CCN concentration and the CAPE. By considering a theoretical
parcel model, they showed that the atmospheric heating from the direct aerosol effect
competes against the aerosol invigoration to reduce the CAPE. They showed in their il-
lustration a maximum CAPE occurring at CCNj ¢4 of 1200cm 2 or an AOD of 0.25. This
matches well with observations from Koren et al. (2008), who saw a peak in the cloud
fraction (which correlates with higher cloud tops) at around 0.25 AOD using MODIS
data in the Amazon dry season. Koren et al. (2005) suggested clear observation evi-
dence of cold phase invigoration, however methodological flaws were subsequently

found in this research (Varble et al., 2023).
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As mentioned above, observing aerosol invigoration is difficult due to collocating CCN
measurements, or N, at cloud base and updraft velocity in the same region or over a
large enough range of conditions. In these instances proxies are used for CCN, such
as surface based measurements of CCN, or for larger regional studies AOD. AOD is
an imperfect proxy as it doesn’t correlate well with low level CCN (Stier, 2016; Veals
etal., 2022). AOD also increases with relative humidity (RH) (Quaas et al., 2010), which
is naturally higher nearer to clouds. Wet scavenging of aerosols (Gryspeerdt et al.,
2015b) also occurs in regions of convective activity, thus altering the retrieved AOD
value around the location of deep convection, highlighting the importance of obtain-
ing AOD in the right locations relative to the convection. Vertical wind retrievals inside
deep convective cores are also very rare, with most coming from in situ measurements
that are difficult to put into a wider context outside of the specific experiment, mean-
ing it is hard to scale up to a global estimate of the impact. It is also difficult to control
for meteorological variability in observational invigoration studies and for factors that
may impact invigoration proxies such as cloud top height. For a full critical evaluation
of aerosol invigoration, see Varble et al. (2023). There is clear observational evidence
that aerosols impact convective clouds (Thornton et al., 2017); however, there is also
clearly much difficulty in isolating the aerosol response (Varble et al., 2023). Chris-
tensen et al. (2014) attempted to bound a global estimate for the indirect cloud aerosol
effect for convective clouds, giving a value of 0.15 + 0.23 Wm ™2, however this estimate
didn’t take into account the non-local radiative effect of anvil cirrus that spread out far

from the initial convection.

1.5.3 Anvil cirrus

As well as measuring convective invigoration through the quantification of convective

strength, the properties of the anvil cirrus clouds that flow out of the convective cores
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are of significant importance due to their much larger size and longer lifetimes than
the convective cores. Of particular interest is how the strength of convection affects the
properties of the anvil cirrus throughout its evolution. By looking at MODIS retrieved
cloud properties over the Atlantic during June-August 2002, Koren et al. (2005) showed
a strong positive correlation between AOD in clean (AOD < 0.2) and hazy (AOD > 0.2)
conditions and the cloud fraction, cloud optical depth, and cloud top pressure of the
anvil cirrus (Koren et al., 2005). Koren et al. (2010b) also showed a positive correlation

between the anvil cirrus cloud fraction and the AOD in the Atlantic and Pacific regions.

This increase in anvil cirrus area correlates with a decrease in the ice optical depth
in the anvil due to spreading the anvil over a larger area. The following proposed
mechanism causes these larger anvils: increased aerosol loading leads to more con-
vective invigoration. This causes deeper convective cores that reach higher into the
atmosphere due to the small cloud droplets (Lin et al., 2006; Li et al., 2011). The anvil
cirrus formation then occurs at higher altitudes with greater wind shear, and thus a
larger spreading of the anvil and lower optical depth (Lindsey and Fromm, 2008; Ko-
ren et al., 2010b).

The radiative effects of the out-flowing cirrus from deep convection are particularly
important in this work since, due to their spatial extent, they exert a large radiative
effect, much larger than the convective cores themselves. The sign of the radiative
forcing from cirrus in the tropics is highly dependent on the optical depth of the cloud,
with Choi and Ho (2006) finding that thin cirrus with an optical depth 7 < 10 have
a warming effect, whilst cirrus with 7 > 10 have a cooling effect. Since more than
60% of tropical ice clouds are thin cirrus, the cloud radiative forcing from these clouds
significantly affects the energy budget of the tropics. Koren et al. (2010b) showed that
the cloud top height also plays a vital role in the sign of the forcing from cirrus by

visualising the net top of atmosphere (TOA) cloud radiative effect in cloud top height
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and cloud optical depth (CTH-COD) space, as shown in Figure 1.6.

16.5

-
.
(8

50

-
N
4}

-
o
(3,

6.5}

Z - cloud top height [km]

4.5

251

-150

0.5% : :
0.00 0.09 0.29 0.75 1.76 4.00 8.99 20.1 44.82
t - cloud optical depth

Figure 1.6: TOA cloud radiative forcing in the CTH-COD space (Koren et al., 2010b)

This shows that if the cirrus cloud top height is increased and optical depth is de-
s0 creased due to aerosol invigoration, there is potential for much greater warming. This
agrees with the observations from Choi and Ho (2006), who found that for cirrus clouds
that exist at a height between 10-12km, the optical depth at which the boundary be-

tween cooling and warming exists is around 7 = 10.
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1.5.4 Temporal evolution of deep convection and anvil cirrus

As previously mentioned, Christensen et al. (2014) estimated the indirect effect of con-
vective cloud-aerosol interactions. This estimate, however, only considered the impact
that aerosols had on the convection itself. As highlighted by Rosenfeld et al. (2014),
in order to assess the full impact that aerosols have on deep convection, it is also im-
portant to include the full evolution of the anvil cirrus. The evolution of anvil cirrus
across their entire lifetime has been studied in previous work by using Lagrangian

frameworks to track deep convection and the subsequent anvil cirrus.

Gehlot and Quaas (2012) applied a Lagrangian framework to ISCCP data in order to
evaluate the performance of the ECHAMS general circulation model. They followed
a similar approach to that of Luo and Rossow (2004), where upper tropospheric air
masses were traced using reanalysis wind data in order to follow the evolution of cirrus
developing from deep convection. Luo and Rossow (2004) looked at the evolution of
cirrus and cirrostratus up to 5 days from a convective event. They found a rapid decay
(6-12hrs) of deep convection from the peak and an associated growth of cirrus. After
one day they found a decay of the cirrostratus, likely associated with a loss of cloud
water due to larger particles with a large sedimentation mass flux. The cirrus decay
was much slower, occurring over 5 days, from a maximum cirrus cloud fraction of 0.4

to 0.15 after 5 days.

Two distinct cirrus types will be referenced throughout this thesis. The first type,
known as in-situ cirrus clouds, form directly from the gas phase at temperatures be-
low approximately 235K (Krdmer et al., 2016). On the other hand, liquid-origin cir-
rus clouds form through heterogeneous nucleation in strong-updrafts, where water

droplets freeze on ice nucleating particles.
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Luo and Rossow (2004) also distinguished between cirrus that are entirely formed in-
situ (hereafter, “in-situ cirrus”) and those detrained out from convective cores (con-
taining both liquid-origin and in-situ-formed ice crystals). They found that the de-
trained cirrus had, on average, longer lifetimes than the in-situ cirrus, at around 30
hours compared to 19 hours for in-situ. This suggests some mechanism for sustaining
water vapour at the detrained cirrus height, allowing for longer lifetimes. Salathé and
Hartmann (1997) investigated the Lagrangian evolution of the upper tropospheric hu-
midity (UTH) in the tropics from deep convective events. They showed the UTH is
sustained for up to 5 days from convection, consistent with the cirrus decay found by
Luo and Rossow (2004). Garrett et al. (2005) looked at the detailed evolution of a single
thunderstorm anvil cirrus cloud in Florida. They found that the advected outflow was
separated into two cloud layers: a cirrus anvil at -45°C laying below a thin tropopause
cirrus (TTC) at -70°C. The TTC cirrus lifetime was sustained longer than that of the
anvil cirrus, potentially due to the anvil cirrus shielding the TTC cirrus from terrestrial

radiation, as proposed by Hartmann et al. (2001a).

The lifetime CRE of deep convection and detrained anvil cirrus is particularly sensi-
tive to the time at which the initial convection occurs. Jones et al. (2024) showed using
SEVIRI data over continental Africa that the lifetime anvil CRE from nighttime con-
vection had a warming effect, whereas those originating from daytime convection had
a cooling effect. Gasparini et al. (2022) showed in high-resolution models that the sign
of the lifetime integrated CRE of anvil clouds is also highly dependent on the time the

simulation began.

The timing of convection varies significantly between land and ocean (Yang and Slingo,
2001). Therefore, the CRE of land-origin versus ocean-origin anvil cirrus may be ex-
pected to vary based on the timing of the initial convection. Any change to the distri-

bution of land or ocean-origin convection in a future climate, or a change in the diurnal
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cycle of convection, could therefore induce a large change in the average lifetime CRE

of detrained cirrus.

The lifetime of detrained cirrus clouds also depends on the timing of the convection.
The rate at which anvil cloud thinning occurs from convective detrainment depends on
the local time at which the convective core first develops. Sokol and Hartmann (2020)
found that anvil thinning occurs faster at night from convection that occurs in the af-
ternoon. They also found that anvils thin to a ‘modal” anvil optical depth between 1-2
and then do not thin as rapidly after this. This would mean that after an initial decay
in optical depth, anvil cirrus exist in the COT-CTP space associated with a positive
radiative forcing. A temporal investigation into the evolution of the cirrus clouds is
important to understand the complete picture of deep convective events, rather than

instantaneous snapshots of deep convecton or anvil cirrus.

A Lagrangian approach to tracking atmospheric phenomena, from mesoscale convec-
tive systems (Feng et al., 2012; Gehlot and Quaas, 2012; Luo and Rossow, 2004; Pin-
cus et al., 1997) to pollutants and aerosols (Redington and Derwent, 2002), is not new.
However research so far has been limited to local, mesoscale systems. A Lagrangian
framework for looking at the global evolution of deep convective cloud, the subse-
quent outflows, microphysical and radiative properties, and the effects of aerosols on
all of the above has not yet been achieved. However, the properties that the mesoscale
studies have investigated and the results they found provide a solid bedrock for this

research to build off and a chance to validate methods against their results.
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1.6 Summary

The overarching goal of this thesis is to better understand the evolution of deep con-
vection, from the optically thick cores and anvils to the thin detrained cirrus that flow
from them, and how aerosol invigoration may impact this evolution. Deep convective
clouds play a vital role in modulating the energy budget and circulation of the atmo-
sphere; they are also responsible for extreme weather events such as lightning storms,
hail and flooding. The entire deep convective system has a large SW and LW CRE,
however these cancel out over its lifetime to exert a near neutral net CRE. Therefore,
any changes to the properties of deep convection and the cirrus outflows, or feedbacks
associated with these changes, could have profound impacts on the atmosphere and
society as a whole. Furthermore, global circulation models struggle to model deep
convection, with poor representation of the diurnal cycle of the deep convection. Im-
proving our understanding of the distribution and timing of deep convection can help
improve model representation and also highlight the impact that any changes in these
initial conditions have on the subsequent evolution of the detrained cirrus. This thesis
aims to improve our understanding of the radiative evolution of deep convection, to
better understand the controls on this radiative evolution, and the impact that aerosols

may have on the evolution. The aims of this thesis can be split up into three chapters.

The first aim is to broadly improve understanding of the lifecycle of deep convection
and detrained cirrus over the entire tropics, in particular the radiative evolution of
clouds that flow from them. Previous studies have performed Lagrangian analysis on
specific deep convective systems, however many of these studies focused regionally,
for short study periods, for a finite number of steps along the trajectories from deep
convection, and relied on polar orbiting satellites that only provided coarse snapshots
of the radiative evolution of the cirrus. A large scale composite approach to looking at

the evolution of deep convection is vital if we are to capture the entire lifecycle of all
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tropical deep convection, all the way to the thinnest cirrus.

The second aim of this thesis is to understand the impact that the lifetime of the de-
trained cirrus has on the overall CRE of high clouds in the tropics. It is suggested that
some changes in the lifetime of detrained cirrus may occur due to mechanisms such as
aerosol invigoration, as mentioned above. Understanding the sensitivity of the tropi-
cal CRE to changes in the lifetime of detrained cirrus is vital to assess what impact the

proposed mechanisms could have.

The final aim of this thesis is to improve our understanding of how the initial strength
of convection impacts the detrained cirrus CRE. There is a large amount of literature
regarding mechanisms that control aerosol invigoration, however little work has been
done to understand the radiative impact that such invigoration has on the lifecycle of
deep convection and the non-local impacts on detrained cirrus. This work will help to
bound an estimate of the impact of any potential aerosol invigoration on the tropical

CRE, without evaluating the mechanisms through which invigoration may occur.

1.7 Thesis Structure

Chapter 2 gives an overview of the different types of data used throughout the thesis.

Chapter 3 describes the method used to create and verify the Time Since Convection
dataset, and presents an initial investigation into the evolution of cloud properties,
vertical structure and radiative evolution of deep convection and associated cirrus as

a function of Time Since Convection.

Chapter 4 investigates how the lifetime of the detrained cirrus clouds impacts the over-
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all high cloud radiative effect in the tropics. This analysis is also separated into land-
origin versus ocean-origin convection and highlights the impact that the initial condi-

tions and timing of the convection have on the cloud radiative effect in the tropics.

Chapter 5 uses a convective strength flag to split up the cloud radiative effect of de-
trained cirrus depending on the strength of the deep convection they originated from.
This sensitivity is then linked to the sensitivity of cloud top pressure to AOD in an
attempt to quantify the sensitivity of detrained cirrus on the AOD at the locations of

the initial deep convection.

Chapter 6 presents the conclusions of this thesis, summing up its main achievements,

and highlights some avenues for future research that build off this work.



Chapter 2

Data

There are a number of key satellite measurement products that are used throughout
this thesis. This chapter will provide a brief overview of each of the main ones used,

ISCCP-H, DARDAR, CERES, and MODIS.

2.1 ISCCP-H

The International Satellite and Cloud Climatology Project (ISCCP) was established in
1982. Its goal was to provide a continuous, reduced-resolution, global dataset to give
information on surface and atmospheric properties from satellite measurements that
can be used to derive cloud properties (Schiffer and Rossow, 1983). Today, it pro-
vides 34 years of continuous satellite measurements of atmospheric, cloud, and surface
properties obtained by stitching together measurements from a range of geostationary
weather and polar orbiting satellites. The most recent version of this product is the

ISCCP-H dataset (Rossow et al., 2017), which has been updated and verified against
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newer cloud datasets that have improved cloud detection capabilities due to active

sensors, but shorter records (e.g. CALIPSO and CloudSat).

The primary instruments used to provide data for ISCCP are imaging radiometers on
meteorological geostationary satellites. These are inputted into ISCCP in seven sep-
arate geographical streams that cover the globe (Rossow et al., 2017). Where no geo-
stationary data are available, then polar orbiting satellites are used to fill in the gaps.
If more than one geostationary satellite provides data for a gridbox, then the satellite
with the largest cosine of the satellite zenith angle is used, to ensure that the satellite
most directly overhead the gridbox of any particular location is used. To ensure consis-
tency between the geostationary satellites used, the data are normalised to low-earth-
orbit Advanced Very High Resolution Radiometer family (AVHRR) radiances, which
are retrieved from the afternoon polar orbiting satellites. The geostationary satellites
provide 3-hourly, 10km resolution to ISCCP, although in the ISCCP-HGG product used

in this thesis, this resolution is scaled to 1x1 degree.

There have been considerable changes to the suite of satellites used over the long pe-
riod that ISCCP-H data is available for. This changing constellation creates challenges
for ensuring consistency over the study period. Figure 2.1 shows the quilt of satellites
used to generate the ISCCP data from 1983 to 2011, taken from Knapp et al. (2011).
From 1983-2000, there was considerable variability in the constellation of geostation-
ary satellites used to create the ISCCP data product, most notably the lack of satel-
lite retrievals around 60E, over the Indian Ocean. There is also significant variability
in the average satellite solar zenith angle at this time. After 1998 and the launch of
METEQOSAT-7 and repositioning of METEOSAT-5, there was full geostationary cover-
age of the globe in the ISCCP dataset for the first time. After this point, the average
solar satellite zenith angle becomes more constant with time. Previous studies have

shown difficulties using the older ISCCP-D dataset to infer trends (Evan et al., 2007)
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Figure 2.1: The constellation of geostationary satellites used at the equator for ISCCP
B1, from Knapp et al. (2011). © American Meteorological Society. Used with permis-
sion.

because of the artefacts introduced in regions with little satellite coverage or at high
satellite zenith angles. These artefacts remain in the more recent ISCCP-H dataset
(Knapp et al., 2021). Most of these artefacts disappear from the data when looking
only at years after 1998. Norris and Evan (2015) showed that it is possible to remove
these artifacts, if there is a desire to infer longer term trends from the ISCCP dataset.
In this thesis, any trend analysis is limited to years after 2000, this is also due to the

limited study period of other satellite data used in the analysis.

In this thesis, cloud fraction, cloud optical thickness, cloud top pressure, and the cloud
optical thickness-cloud top pressure histograms are the only products used from the

ISCCP dataset. The cloud fraction, called cloud amount in the ISCCP dataset, is defined
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as the percentage of pixels in a 1x1 degree gridbox that are flagged as cloudy. A pixel is
considered cloudy when the radiance deviates from the clear sky radiance by a certain
threshold, dependent on the surface type, in both the visible and infrared channels
(Rossow and Garder, 1993). The cloud top pressure is calculated, assuming that a pixel
is cloudy, from a cloud top temperature. The cloud top temperature is calculated from
the deviation of the IR radiance to the radiance predicted by a radiative transfer model
(Rossow and Schiffer, 1999). The cloud optical thickness is calculated from the visible
radiance in the day and interpolated for the night based on adjacent daytime values.
In all cases, the ISCCP data is adjusted for the diurnal cycle, taking into account cases
where clouds are more detectable in the day than they are at night. The ISCCP cloud
top pressure-optical depth (pc-tau) histograms are binned as shown in the introduction
in Figure 1.1. As seen, there are limitations to ISCCP when trying to infer long term
trends. However, the length and scale of the dataset mean that it is a very valuable tool

for investigating tropical deep convection.

2.2 CERES

The Clouds and the Earth’s Radiant Energy System (CERES) project has provided earth
radiation budget data for the past 24 years. The CERES instruments fly on a variety
of geostationary and polar orbiting satellites. In this thesis, the CERES SYN-1deg-
1Hour_Terra-Aqua-MODIS-Edition4A product is used to retrieve the TOA all-sky and
clear sky LW, SW fluxes as well as the albedo (NASA/LARC/SD/ASDC, 2017). This
product incorporates geostationary fluxes as well as the CERES retrievals from Terra

and Aqua.

The TOA fluxes are calculated using the observed radiances combined with an an-

gular distribution model (Loeb et al., 2005). This model converts observed radiances
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into fluxes by taking into account angular dependence of the radiance field, itself a
function of the properties of the scene it is viewing, for example: surface type, cloud
fraction, and aerosol optical depth. The instantaneous retrieved fluxes are then spa-
tially averaged to a uniform 1x1 degree grid, and temporally averaged to 1 hourly
retrievals. Since the CERES instrument does not measure directly the LW radiance,
it is calculated from the total minus the SW radiance. In order to calculate the clear
sky fluxes, the gridbox averaged all-sky is used, ignoring any CERES footprint that
contain more than 1% cloud, as identified by the CERES-MODIS clear sky mask for
MODIS pixels contained within the CERES footprint. There are regions in the trop-
ics where no clear sky footprint is obtained, and where therefore no clear sky fluxes
can be given (NASA/LARC/SD/ASDC, 2017). The TOA incoming solar radiation is
calculated from data from the SORCE TIM instrument, which measures the absolute
intensity of solar radiation. The CERES albedo is derived from the ratio of upward and

downward shortwave flux.

2.3 DARDAR

The liDAR-raDAR, DARDAR-Nice (ice crystal number concentration, N;) product of-
fers vertical retrievals of N; profiles obtained from combined lidar and radar measure-
ments. The product is provided at 60m vertical resolution, 1.7km horizontal resolution
with equatorial overpasses occurring at around 01:30am and 13:30pm local solar time.
The methodology is based on the VarCloud algorithm from Delanoé and Hogan (2008)
which combines CloudSat, CALIPSO and MODIS retrievals of properties of ice clouds.
In the operational DARDAR product the CloudSat and CALIPSO measurements are
regridded to collocate with each other, resulting in lidar, radar, and MODIS data all
interpolated to the same grid. The cloud mask values in the DARDAR product are
retrieved directly from the VarCloud algorithm. Both CALIPSO and CloudSat provide
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mask-like products to aid in the creation of the cloud-mask. A radar cloud mask from
2B-GEOPROF (Mace, 2004) contains a value between 0-40 indicating the location of
hydrometeors. A lidar mask from CALIPSO indicates five categories (clear sky, cloud,
aerosol, surface and no signal) (Vaughan et al., 2023). A mask value greater than 30

from the radar mask, or the lidar cloud flag, indicates a cloud in the DARDAR dataset.

The N; is derived in Sourdeval et al. (2018) and expands on the Delanoé and Hogan
(2008) data product outlined above. The N; is calculated as the integral of a given pa-
rameterised ice particle size distribution, PSD, using DARDAR retrievals of ice water
content (IWC) and N (a scaling parameter, see Sourdeval et al. (2018) for more details).
In situ measurements of the PSD are used to evaluate the parametrised PSD used to
calculate the N;. The calculated N; show good agreement with in situ measurements,
with vertical distribution of concentrations of ice crystals larger than 5pm and 100xm
(N? and N}, respectively) showing physical consistency with a case study of a frontal

system.

In this thesis, the vertical cloud fraction from the operational DARDAR product (De-
lanoé and Hogan, 2008), and the N? and N} values from the DARDAR-Nice (Sourde-

val et al., 2018) product are used in a qualitative manner in Chapter 3.

24 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) (Salomonson et al.,
1989) is a sensor onboard NASA'’s polar-orbiting Terra and Aqua satellites. They have
provided atmospheric and cloud properties continuously since 2000. The Terra and
Aqua satellites have an equatorial overpass at approximately 10:30 and 13:30 local so-

lar time (LST) during the day, and 22:30 and 01:30 LST during the night, respectively.
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Both satellites view the entirety of the Earth’s surface every 1-2 days.

In this thesis, 17 years (2000-2016) of MODIS Terra aerosol (Remer et al., 2005) daily
level 3 data are used at 1x1°between 30S-30N to retrieve aerosol optical depth (AOD).
The standard dark-target MODIS AOD retrieval ‘Optical Depth Land and Ocean Mean’
is used. The ’dark-target” algorithm is based on the idea that over dark surfaces,

aerosols in the atmosphere can brighten the scene. This perturbation then allows the

AOQOD to be calculated.



Chapter 3

Time Since Convection

Chapter Summary

e Time Since Convection (TSC) is introduced and used to investigate cloud

properties, including vertical cloud evolution.

e TSC is shown to be independent of latitude for a given TSC bin, highlighting
that proposed cloud evolution is due to changes along trajectories not just a

shift away from the tropics to higher latitudes.

o The radiative evolution of high clouds is shown as a function of TSC, with
a distinctive cooling to warming pattern, characteristic of detrained anvil

cirrus.

The text and figures in this chapter are adapted from Horner & Gryspeerdt (2023). (Horner, G.
and Gryspeerdt, E.: The evolution of deep convective systems and their associated cirrus outflows,
Atmos. Chem. Phys., 23, 14239-14253, https://doi.org/10.5194/acp-23-14239-2023, 2023) The analysis
and manuscript are my own work with comments and suggestions from Edward Gryspeerdt.
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3.1 Introduction

The overall cloud radiative effect (CRE) in the tropics is small (Wielicki et al., 1996).
However, this small net CRE is the combination of a large longwave (LW) warming
that occurs due to ubiquitous thin cirrus clouds, and the large shortwave (SW) cooling
that occurs due to optically thick convective regions. This leads to the CRE in cloudy
regions being very similar to the CRE in nearby non-convective regions (Ramanathan

et al., 1989; Harrison et al., 1990; Hartmann and Berry, 2017).

This cancellation, if a coincidence, could change in a warming world or under different
aerosol concentrations with changes in deep convective regimes. Any small change in
the LW warming from the thin cirrus, or the SW cooling caused by the deep convection
itself, could potentially have a very large impact on the overall high cloud CRE in the
tropics. Understanding the lifecycle and radiative evolution of deep convection is thus

important to understand the sensitivity of these regimes.

The lifecycle of deep convective cores (DCCs) and their associated anvil and thin cirrus
outflows has been investigated in numerous prior works, in both observations and
models. Using observational data, Luo and Rossow (2004) found that 50% of tropical
cirrus clouds originated from convection. Mace et al. (2006) found that 47% of cirrus
observed over Manus Island in the western Pacific originated from deep convection
occurring within the past 12 hours. Many other modelling and observational studies
also showed that at least 50% of tropical cirrus originate from convection (Massie et al.,

2002; Gehlot and Quaas, 2012; Riihimaki et al., 2012).

Studies investigating the model evolution of cirrus found broadly similar results to
those found in observations. Gehlot and Quaas (2012) saw a rapid decay (6-12 hours)

of deep convection from the peak and an associated growth of cirrus in the ECHAMb5
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model. After one day they found a decay of the cirrostratus, likely associated with a
loss of cloud water due to larger particles that have a large sedimentation mass flux.
Jensen et al. (2018) investigated the detrainment of ice crystals from the tops of deep
convection in a cloud-resolving model (CRM). They found that most large ice crystals
(¢200 pm in diameter) fall out of the anvils within two hours of formation. The cir-
rus decay was much slower, occurring over 120 hours, from a maximum cirrus cloud
fraction of 0.4 to 0.15 after 120 hours. They also looked at changes under increased
sea surface temperatures (SSTs), finding anvil cirrus clouds to have increased cloud

fractions and higher cloud tops, leading to a positive cloud feedback.

When considering the CRE of the evolution of the convective system, it is the balance
between the LW and SW over the entire lifetime of the cirrus in the tropics that, if
perturbed, could lead to large changes in the overall net CRE. Most tropical radiative
studies are confined to models. Looking at the CRE along Lagrangian trajectories in
simulation, Gasparini et al. (2021) found that large SW and large LW values dominate
close to convection, as expected. The net CRE oscillates close to zero and is a func-
tion of the solar insolation. In their simulations most convection occurs in the early
morning, and there is a peak in net negative CRE at peak solar insolation when SW
cooling dominates. There is a slight warming at 15 hours when the anvil has thinned

sufficiently and the solar insolation decreased enough for the LW CRE to dominate.

The factors that control the radiative evolution of the decaying cirrus have also been
investigated in model studies. Gasparini et al. (2019) found that at high (;100 gm~2)
IWP (ice water path) values, or above the 80th percentile, the net CRE is negative.
Beyond this, at low IWP and correspondingly low cloud fractions above 12 km, the net
CRE switches signs to a small positive value. This switch occurs when the cloud optical
depth is around 4, roughly where precipitation stops occurring. This is a lower value

for cloud optical depth than found in observations by Choi and Ho (2006). As the CF
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and IWP decrease, the CRE tends to zero. The switch from warming to cooling happens
at around 6 hours from convection in Gasparini et al. (2019). They generally found that
small-scale microphysical and dynamical processes are responsible for determining
the lifecycle of the detrained anvil cloud. Current global circulation models (GCMs)
have horizontal and vertical resolutions that are too coarse to accurately reflect the

dynamical processes controlling anvil—cirrus evolution (Wall and Hartmann, 2018).

Most previous work focused on individual mesoscale studies and capped the analy-
sis at shorter timescales in the region of 120 hours. In contrast, this thesis presents
a method to run a Lagrangian trajectory analysis across the entirety of the tropics at
unbounded trajectory lengths at a low computational cost, leading to changes being
found in the cloud properties at timescales far beyond 120 hours after the initial de-
trained cirrus from convection has dissipated and in situ cirrus has formed. Used in
conjunction with lidar and radar data, the vertical evolution of the cloud properties is
characterised as a function of time since convection (TSC). The approach in this chap-
ter builds a composite picture of the lifecycle from tropical convective into thin cirrus.
This chapter also investigates how TSC is a function of latitude and shows that the
changes in the cloud properties along trajectories are a strong function of TSC and are
not simply reflective of latitudinal changes as air moves from the tropics to the extra-
tropics. Finally, this chapter also considers the radiative evolution for just the high

clouds along the trajectories.
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» 3.2 Method

3.2.1 Data

Observational data from the 3-hourly International Satellite Cloud Climatology Project
(ISCCP) H dataset at 1x1° is used to define locations of deep convection (Rossow et al.,
2017). ECMWF ERADS reanalysis wind fields are used in the trajectory analysis (Hers-
s bach et al.,, 2018) and to characterise cloud properties. To examine the evolution of
the radiative properties, the CERES SYN1deg L3 LW and SW TOA fluxes are used
(NASA/LARC/SD/ASDC, 2017). The CERES SYN1ldeg product combines MODIS
and geostationary satellite data to provide global coverage at a 1x1° resolution and 1

hourly temporal resolution.

o To illustrate the vertical cloud evolution and microphysical properties the DARDAR
dataset is used. N; is highlighted from the DARDAR data due to the complimentary
information it provides about cloud history compared to the large scale properties from
ISCCP (Kramer et al., 2016). The period of study in this chapter is 2008-2010 inclusive.

For a full description of these datasets, see the Chapter 2.

s 3.2.2 Deep convective core identification

In order to track the time since a parcel of air last experienced convection, convective
cores were defined and identified in the satellite data. This chapter uses the global
weather states in Tselioudis et al. (2021), which uses the ISCCP-H 1x1° daytime and
nighttime 3 hourly dataset (Rossow et al., 2017). The ISCCP-H dataset is separated into

10 seven distinct cloud regimes by calculating the nearest neighbours of each gridbox and
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Regime CIP/hPa 7. CF/%
Deep convective cores 242.6 10.5 99.5
Mid latitude storm 433.6 10.4 99.2
Thin high cirrus 316.3 1.2 79.9
Polar 395.6 2.2 84.5
Middle top clouds 606.9 9.5 97.2
Fair weather 645.1 3.2 40.0
Shallow cumulus 840.1 4.0 79.6
Stratocumulus 725.5 6.3 90.7

Table 3.1: ISCCP-H cloud regime centroid values for the CTP, 7., and CF from Tse-
lioudis et al. (2021). The deep convective cloud regime, DCC, is highlighted in bold.

clustering them into the separate regimes depending on their cloud fraction, albedo,
and cloud top pressure. These cloud regimes, and their associated centroid values, are
shown in Table 1. The albedo is calculated from the optical thickness using Equation
3.1.

7_0.895

O os @1

as defined in the ISCCP simulator (Klein and Jakob, 1999). For a full description of the
ISCCP-H weather states, see Tselioudis et al. (2021).

This study is focused on the tropical region of 30S-30N and only considers the deep
convection defined within the tropics, whereas the weather states in Table 1 are de-
fined globally. Note that the value of 10.5 for the optical depth centroid for the deep
convection is typically lower than the optical depth of deep convective cores in high
resolution satellite data. The ISCCP data used here is at 1x1°, and therefore the bins

will have a lower average optical depth across the whole gridbox.

Additional conditions are applied to isolate the convective cores, requiring a 7. > 8.5
(albedo > 0.5) and a cloud top temperature (CTT) < 220K. Only the very brightest,
thickest cores of the convective clouds are categorised as DCC. If these conditions
aren’t imposed then thick anvil cirrus are included as part of the convective cores,

and the ability to investigate their temporal development is reduced.
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The mean relative frequency of occurrence (RFO) for the convective cores for the years
2007-10 is shown in Figure 3.1. Most of the convection occurs in the Maritime Con-
tinent, over Central Africa, South America, and along the ITCZ. This thesis is only
concerned with tropical convection, defined in the region between the red boundaries

(30S-30N).

0 1 2 3 4 5 6 7 8
Relative Frequency of Occurrence (RFO) / %

Figure 3.1: Relative frequency of occurrence (RFO) of the convective core regime from
between 2007-2010. Red bands show the boundaries of the tropics (30S-30N).

3.2.3 Time Since Convection

The ECMWEF ERAS reanalysis wind speeds at 0.25° are used in this study (Hersbach
et al., 2018). A pressure averaged wind field between 200hPa and 300hPa is used to
advect the convective cores forward, in order to best reflect the range of heights that
the convective cores and subsequent detrained and in situ cirrus exist. This is the
same logic as applied in Luo and Rossow (2004), where vertical movement of air is
not considered, however they use a pressure averaged wind field between 200hPa and

500hPa. The decision to use a higher altitude average wind field is addressed in section

3.2.5.
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The advection process is as follows. All the pixels in the tropics are advected forward
one hour in time according to the wind field. The TSC now has values of T+1 hours
since convection. In locations where DCC are present, the TSC is reset to zero. This
advection process repeats, each time resetting locations of DCC to zero TSC. Figure 3.2

show a schematic diagram of the process in one dimension.
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Figure 3.2: Schematic diagram of the advection process in one dimension, assuming
all locations start with no TSC value. Red values indicate where either a divergence
or convergence of pixels occurs. The purple boxes show new convection occuring,
and the arrows highlight the advection of convective air into new gridboxes between
timesteps. The values of the TSC are shown in each box.

The TSC algorithm runs at 0.1x0.1° resolution. Running the TSC code at 0.1x0.1° is
necessary to ensure that between one hour timesteps there is a high enough resolution
so that parcels are advected out of the pixels they currently occupy. If the algorithm
was run at 1x1°, large discretisation errors would be introduced, as air would very
rarely travel out of the pixel that it occupies within a single hour-long timestep. For
this reason, the resolution of the DCC dataset is increased to 0.1x0.1° using a nearest-
neighbour interpolation to be compatible with the TSC algorithm. The resolution of the
outputted TSC files is averaged to 1x1° to be compatible with the MODIS and CERES

gridded products.

The TSC array is interpolated into missing regions after each advection timestep (Fig-
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ure 3.2). When each 0.1x0.1° pixel in the TSC array is advected forward, some of the
trajectories converge to occupy the same pixel, necessarily leaving some pixels with-
out a TSC value. When this occurs, the missing values are interpolated as an average
of TSC values around this empty pixel. Between each timestep, divergence leaves ap-
proximately 5% of the pixels empty. When two trajectories enter the same pixel, they
will proceed to follow the same trajectory ad infinitum due to the deterministic nature
of the trajectories. Therefore the trajectory with the smaller TSC value is the one that
determines the TSC value at that pixel from that point on. This increases confidence

that any high TSC value really represents air at such long timescales since convection.

The TSC map is defined between 325-32N to ensure that air is allowed to briefly leave
the region of analysis and reenter. If the wind field brings air from outside 325-32N into
this region, this new air will not be assigned a TSC value until it meets new convection
or advection introduces a TSC value. This increases confidence in the high TSC regions.
If TSC is defined well beyond the tropics, the extratropics act like a reservoir of very
high TSC values that are occasionally advected back into the tropics. This inflates the

TSC values, because no convection is defined outside of 30S-30N.

As TSC is initially undefined, there is an associated spin up time until every point is
a true reflection of the hours since the air at that location last experienced convection.
This spin up time is shown in Figure 3.3 and is approximately 20 days. Therefore in all

further analysis, the first month of data are excluded.

3.2.4 Detrained v in situ cirrus

Not all of the cirrus along the advected air parcels will have detrained directly from

the convective cores. Therefore it is useful to to have an indicator for what percentage
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of the cirrus are detrained for a given TSC. To do this a “cirrus type’ value is assigned
to each gridbox where detrained cirrus is present. Initially, all cirrus are considered to
be detrained. Once the ISCCP cloud fraction drops below 10% along a given trajectory,
any cirrus that forms subsequently is considered to be in situ in origin. This cirrus type
value doesn’t necessitate that a cirrus cloud be present in the gridbox, just that the
cloud fraction of the detrained cirrus has dropped below 10% at some point, meaning
that any subsequent cirrus that forms is in situ. This is a similar method used in Luo
and Rossow (2004), who use a threshold of 20% of the maximum cirrus cloud fraction
along a trajectory to identify the 'zero detrained cirrus’ case, rather than a 10% cloud

fraction threshold as used in this thesis.

3.2.5 Evaluation of TSC

After the spin up, there is minimal variability in the TSC across two years of data,
with the mean TSC oscillating around 180 hours (Figure 3.3). The 10th percentile is
very consistent, due to the regularity of new convection occurring in the dataset. The
90th percentile is more erratic, oscillating between 350 hours and occasionally over 500
hours, due to the sporadic nature of the occurrence of very high TSC regions and the

long tail on the distribution of TSC.

It is interesting to note that the 90th percentile TSC values are considerably higher
than the temporal length of the trajectories in prior works (Gehlot and Quaas, 2012;
Luo and Rossow, 2004). Both of these studies limited their analysis to 120 hours (5
days), which included only 30% of tropical locations (Figure 3.3b). This is a benefit
of the TSC approach, which allows the trajectories to be computationally efficiently
advected without an upper bound to their length, so does not bias the results towards

shorter trajectories and allows for the investigation of clouds that form along the air
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parcels from convection after the detrained cirrus have dissipated.

Figure 3.3b shows that there is a sharp decrease in the number of gridboxes containing
detrained cirrus clouds, after an initial peak around 12 hours from convection. This
is in agreement previous studies that investigated detrained cirrus lifetimes (Luo and
Rossow, 2004). Although there are still some detrained cirrus at very long TSC values
(more than 100 hours), most of the cirrus forming at this point are not directly detrained

from convection.

3.2.6 Comparison with HYSPLIT trajectories

A comparison can be made to individual trajectories initiated from locations of con-
vection. The HYSPLIT Lagrangian forward trajectory model is used in this chapter
(Rolph et al., 2017). The HYSPLIT model uses reanalysis data from NCEP/NCAR to
advect individual air parcels in a 3D wind field, which includes vertical transport of
the air parcel. In this chapter, HYSPLIT trajectories are initiated from the centre of each
1x1° box that contains a TSC-0 value, at an altitude of 10km. These trajectories are
followed for 315 hours, with the TSC time at the location of each trajectory compared
the time since the HYSPLIT trajectories were initiated. This is done for three complete
days across 2008 (Jan 1st, Jun 1st, and Sept 1st). Figure 3.4 shows the median value
of the TSC for the gridbox occupied by the trajectories. The dotted red line indicates
all the trajectories initiated from the convective cores (1033 in total), ignoring any new
convection along that trajectory. The solid blue line only includes trajectories up to
the point at which they next experience convection, which better represents the TSC

methodology.

The TSC value and HYSPLIT trajectory time broadly match for lower TSC values (Fig-
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Figure 3.3: a) Tropical mean Time Since Convection (TSC) for 2007 and 2008, with
10th-90th percentiles highlighted. The top right histogram shows the normalised dis-
tribution of TSC values over the 2 year period, excluding the spin up time. There is
little variation in the mean TSC between the years after the initial spin up period in
2007. b) Histogram of TSC values between 2007-2010 between 0 and 500 hours. Red
indicates the fraction of gridboxes that contain detrained cirrus, blue are candidates for
in situ cirrus formation. Right axis shows the cumulative distribution in percentage of
all TSC values. >99% of TSC values are less than 500 hours.
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Figure 3.4: Median TSC values (y-axis) along HYSPLIT trajectories (x-axis), for all tra-
jectories and for trajectories that are stopped once they reach new convection. Error
range between maximum to minimum trajectory values. Straight line indicates an ex-
act relationship between trajectory age and TSC value.

ure 3.4). However, particularly for the trajectories that stop when they experience new
convection, the TSC values are higher than the time since the trajectories are initiated.
The main reason for this difference is there is no vertical transport in the TSC advection
algorithm. Rather, the average wind speeds between 200hPa-300hPa are used to advect
the air parcels. The trajectories in the NCEP/NCAR HYSPLIT model are initiated at an
average pressure of 200hPa. This height is an approximation of the DCC detrainment
altitude, which leads to some uncertainty in the relevant wind level for advection.
During the early stages of the HYSPLIT trajectory, the HYSPLIT wind speed will be
greater than that used for the TSC trajectory. This is because the HYSPLIT trajectory
is at 200hPa and the TSC trajectory wind speed is averaged between the 200hPa and
300hPa wind speeds.
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This explains why the TSC is greater than the age of the trajectories, as the faster HYS-
PLIT winds will move further from convection than modelled by the TSC dataset. As
the trajectories subside (it is worth noting that there is uncertainty in the appropriate
subsidence rate), the horizontal wind speeds decrease, and start to become closer to
the wind speeds in the TSC dataset, therefore the difference between the age of the
trajectories and the TSC becomes constant. As the trajectories begin to subside even
more, the TSC values become closer to the age of the trajectories, until at around 150
hours where the TSC value becomes lower than the age of the trajectories. This close
comparison between the TSC and HYSPLIT trajectory times justifies the use of the 200-
300hPa pressure levels, rather than the broader range of pressure levels used by Luo

and Rossow (2004).

3.2.7 Cloud Properties

The ISCCP-H dataset is used to investigate how the CTP and 7, change as a function of
TSC, making use of the joint histograms of CTP-7.in the ISCCP product. These show
cloud fraction for a range of CTP and 7. bins, produced at the pixel-level and limited
to show the evolution of the tropical gridbox mean values for the region between 30S-
30N. The joint histograms are used to isolate the highest clouds, retaining only the top
3 CTP bins of the histogram (;375hPa). This is done by multiplying the centroid value
of the top 3 CTP bins by the cloud fraction of each bin from the joint histograms. This
allows for a comparison for the evolution of the 7. and CTP for all clouds, and just the

highest clouds in the tropics.

Failed retrievals in the ISCCP-H dataset, are assigned to the lowest 7, and CTP bin in
the joint histogram. The bin containing these missing values significantly affect the

high cloud 7. and CTP, so is removed when generating the 7. and CTP histograms in
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Figure 3.7.

The vertical profile of the cirrus is investigated using the DARDAR dataset, a combina-
tion of the CloudSat radar and CALIPSO lidar (Delanoé and Hogan, 2008). The over-
pass locations of DARDAR are matched within the hour to the TSC at that location, at
1x1° resolution. A 1x1° can contain many DARDAR retrievals, each of these DARDAR
retrievals is assigned the same TSC value - that of the 1x1° gridbox. These DARDAR
retrievals then all contribute equally to the analysis in the relevant TSC bin. The DAR-
DAR cloud mask is used to filter out aerosol, ground, and unknown retrievals. The
DARDAR-Nice product (Sourdeval et al., 2018) is used to provide the vertical profile
of ice crystal number concentration (1V;) for crystals larger than 5um (NN?) and larger

than 100um (N;'?).

The radiative evolution of convection, from thick convective core to thin anvil cir-
rus, is investigated by analysing the CERES SYN1deg L3 LW and SW TOA fluxes
(NASA/LARC/SD/ASDC, 2017). The CRE is calculated as the all sky minus clear sky
radiative fluxes from the CERES data. In order to only look at the radiative evolution
of the highest clouds, regions where the cloud fraction of the low clouds (as defined
by the ISCCP joint histograms) is less than 1% are classified as 'high cloud only” grid-
boxes. For the cloudiest regions in the tropics (which are also the regions of the lowest
TSC), there is often no hourly outgoing clear sky LW data. For these gridboxes, the 3
monthly seasonal average outgoing clear sky LW for these gridboxes is used, in order

to calculate a value for the CRE.
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Figure 3.5: a) Snapshot of the TSC 30S-30N at 00:30UTC 26th July 2008. b) Mean TSC
for between 2008-2010. c) RFO of deep convection between 2008-2010.

3.3 Results

3.3.1 Regional distribution of Time Since Convection.

Figure 3.5 shows the map of time since convection for the tropical region 30S-30N at
00:30 UTC on Jan 1st 2008. As might be expected, the TSC map broadly follows the
geographical distribution of the deep convective cores shown in Figure 3.1. The areas
of low TSC, such as the Maritime Continent, South America and Central Africa align
with the regions of high DCC occurrence. However the low TSC regions are more
spread out around the regions of DCC occurrence, as they are advected via the wind
tield away from the initial DCC. Regions of particularly high TSC are the extra tropical

regions around 30S and 30N latitudes, far from convection.
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3.3.2 Evolution of ISCCP cloud properties

As the optically thick deep convective cores dissipate, a reduction in the cloud optical
thickness (7.) is expected following previous studies (Luo and Rossow, 2004), as the
anvil cirrus decays into thin cirrus and eventually disappears completely. Changes
in the cloud top pressure (CTP) are also expected, moving from low pressure (high
altitude) close to the convective core, to higher pressures (lower altitude) as the anvil

cirrus extends and sinks (Luo and Rossow, 2004).

Figure 3.6 shows the ISCCP-H joint histograms in the first 5 days since convection, with
each 24 hour period showing the joint histogram of CTP and 7.. At day 0 (0<TSC<24)
the histogram is dominated by optically thick, high altitude clouds, with high cloud
fractions. There is very little low cloud, which may be due to the thick high cloud
obscuring the clouds below them. However, low clouds become visible in the first 24
hours since convection. There is a shift to optically thin clouds as TSC increases. This
implies that the thick anvil cirrus clouds do not persist longer than 24 hours post con-
vection, consistent with previous studies by Luo and Rossow (2004). This is supported
by Figure 3.6, showing the difference is largest between day 0 and day 1 than any sub-
sequent day. High clouds with an optical thickness in the middle two bins (between
2.3 and 14.5) representing the thicker cirrus outflow are still noticeably persist up to
day 5, with the most significant decrease in their cloud fraction happening 3 days after

convection. They remain with low cloud fractions up to day 25.

From day 4 onwards, low clouds begin to dominate in the joint histogram, however
there is still a presence of thin cirrus. Interestingly, small changes in the cloud frac-
tions are still seen between day 10 and day 15, particularly an increase in low cloud
and decrease in high cloud. This implies that the TSC is still influential at up to 360

hours from convection. Note that the top left bin (high, optically thin cloud) remains
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Figure 3.6: ISCCP-H joint histograms showing the distribution of the CTP, and 7. and
cloud fraction as a function of days since convection. The rightmost column shows the
absolute percentage change between days. Day 0 is the first 0-24 hours since convec-
tion, day 1 is 24-48 hours since convection, and so on. High CF values for upper right
gridboxes would indicate a distribution skewed towards optically thick, high altitude
clouds, and the opposite (optically thin, low altitude), for bottom left. Note that the top
left bin also contains unreliable data, so gives an unrealistically large cloud fraction.
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particularly frequent across all histograms. This is due to the failed retrievals. These
can’t be assigned into a particular 7./CTP bin and so are assigned into top left bin in

the ISCCP-H dataset by default (Pincus et al., 2012).

These results are generally consistent with previous work (Gehlot and Quaas, 2012;
Luo and Rossow, 2004), however this chapter sees a slightly quicker decay of the anvil
cirrus than in Luo and Rossow (2004), and continued changes in cloud fraction beyond
5 days from convection. Luo and Rossow (2004) use a column averaged wind field
between 200hPa-500hPa, whereas this chapter uses 200hPa-300hPa to better reflect the
range of heights at which the detrained thin cirrus and in situ cirrus occur at. The
wind field in this chapter will be on average faster than Luo and Rossow (2004), and
therefore the air will travel further in the same period of time. As such a TSC value of
10 hours will be geographically further along the trajectory than in Luo and Rossow
(2004). This will cause the lifetime of the convective outflow clouds to appear shorter

in this chapter and may explain these differences.

Seeing changes in the cloud fraction at such long TSC values is a consequence of the
approach of this thesis. Unlike previous studies, where the trajectories were stopped at
predetermined times, this thesis tracks air from convection for an unbounded amount
of time. Therefore changes in cloud properties can be tracked at much longer times
since convection than previous work, without having to pick out specific convective
events that are known to reach a certain age. The TSC methodology also explicitly

deals with scenarios in which a trajectory is overlapped by new convection.
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Figure 3.7: ISCCP cloud properties as a function of TSC. The normalised distribution
represents the probability of finding clouds with a particular CTP or . for a given TSC
value. The black line indicates the mean value. Left-hand column shows the CTP and
7. for all clouds, and right-hand column for high clouds only.

3.3.3 Evolution of cloud properties

Figure 3.7 shows the evolution of the CTP and 7, respectively as a function of the TSC
for both all cloud gridboxes (Figure 3.7a,b) and the high cloud only gridboxes (Figure
3.7¢,d). The joint histograms are normalised so that the number of y-axis bins add up
to unity, to account for the fact that there are more retrievals for smaller TSC values.

This provides a higher temporal resolution than the histograms in Figure 3.6.

Figure 3.7a shows that the CTP initially sits at very high altitudes for the convective
cores, around 200hPa, coincident with the upper level wind field used. There is an

large increase in the mean CTP in the first day since convection, as the convective
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core thins, and the mean CTP is skewed by the optically thicker lower altitude clouds
(shown in Figure 3.6). The histogram still shows a presence of higher altitude clouds,
with an increasing proportion of low altitude clouds further from TSC-0 (the convec-

tion itself). There is still a decreasing CTP at 5 days from convection.

Isolating just the high clouds using the ISCCP histograms, Figure 3.7b shows a similar
decline in the mean CTP, albeit at lower pressures. The 7. also sits at 200hPa initially,
decaying to 250hPa in the first 6-12 hours as the convective core dissipates. The decay
then slows, reaching 300hPa at 120 hours from convection. There is a significant cloud
layer at 370hPa that becomes visible as the high cloud dissipates. These are likely
clouds not directly detrained from convection that become visible as the cloud fraction
of the anvil cloud above decreases, and any changes in the properties of these clouds,
particularly at large TSC values, are not suggested to be directly related to the initial

convection.

Figure 3.7c shows the evolution of the cloud optical thickness for all clouds. The all
cloud 7. drops significantly in the first 24 hours from convection, indicating the dissi-
pation of the very thickest high clouds associated with the convective cores. This is to
be expected as the regime shifts from thicker cirrus associated with convection, to thin
cirrus that persists either after a convective event, or is formed in situ and unrelated to

convection.

When just looking at high clouds in Figure 3.7d, the mean values of the histogram are
relatively unchanged. However there is larger spread in the cloud optical thicknesses,

including a relative increase in the optically thinnest of the clouds in the lowest bin.
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3.3.4 Vertical profile evolution

The vertical distribution of cloud and N; vary strongly as a function of TSC. Figure
3.8a shows the cloud amount and thus the general anvil shape of convective cores and
their associated cirrus outflow up to 120 hours from convection. Figure 3.8b shows
the same up to 500 hours from convection. At very low TSC (TSC<2hr), there is a
substantial amount of cloud at all altitudes up to approximately 16km associated with
the very tops of the convective towers. It should be noted that this cloud amount
is not comparable to the ISCCP cloud fraction used to identify the deep convection.
The low to mid altitude cloud, likely the convective cores, quickly dissipates as the
TSC increases. High clouds are maintained for much longer, with changes in the high
cloud fraction continuing beyond 120 hours from convection. There is a moderate
amount of low clouds, almost independent of TSC. There is also a sustained amount
of mid level clouds between 4 and 8km for the first 60 hours. These mid level clouds
are thought to form when latent heat associated with convective freezing creates a
shallow temperature inversion which slows vertical motion in subsequent convective
cycles and detrains moisture near the freezing level (Bourgeois et al., 2016). Figure 3.8b
shows that even at very long TSC values, beyond 120 hours up to 500 hours, there is

still a significant change in cloud amount as a function of TSC.

Figure 3.8c shows the ice crystal number concentration for particles greater than 5ym
in diameter, (IN7), as a function of the time since convection. Figure 3.8e shows the
same as Figure 3.8c but for those greater than 100um, (N;}). Given that the N; is a
very strong function of temperature (and therefore altitude), it is useful to consider the
relative changes in the V; as a function of TSC. Figure 3.8d and 3.8e show the deviation
of the N; from the tropical mean N; for a given altitude. Red indicates where the NV; at
a given TSC is greater than the tropical mean, and blue those regions where it is less

than the tropical mean.
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Figure 3.8: Vertical evolution of DARDAR cloud properties as a function of TSC. a)
Cloud fraction up to 120 hours from convection. b) Cloud fraction up to 500 hours
from convection. ¢) N; for particles larger than 5um. d) N anomaly for 120 hours from
convection. e) N; for particles larger than 100um. f) N!°° anomaly from mean value for
120 hours from convection. Anomaly here refers to the difference in the V; at a given
TSC to the mean NV; at that altitude for the tropics.

Considering Figure 3.8d first, there is an greater than average N; at all altitudes close to
convection. This is most notable between 12km and 16km, where the N} peaks. This
is to be expected given the presence of a deep convective core. At short times after

TSC-0, there remains an above average N? between 12km and 16km. This is indicative
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of the convective outflow that remains after the convective core has dissipated. This
outflow decays within 36-42 hours, when the deviation to the mean N, becomes neg-
ative. There is also an increase in N} at similar times at lower altitudes (between 4km
and 8km) that decays within around 20 hours. This is likely due to the active shallow
convection that occurs close to the region of deep convection, and thin mid level clouds
discussed in Bourgeois et al. (2016). Considering Figure 3.8f, there is a clear increase in
the N!% close to convection, particularly at lower altitudes between 4km and 8km. Al-
though the DARDAR retrieval is less reliable in convective cores (Delanoé and Hogan,
2008), larger ice crystals are expected in the convective core at lower altitudes as they
are less likely to be lifted higher into the cloud column than smaller ice crystals, and
also subside quicker (Jensen et al., 2018). The lower altitude N,'* drops off rapidly as
the convective core dissipates. As in the case of the N7, there is an increase in the N!%°
between 12km and 16km which is sustained for the first 24 hours from convection and
linked to updrafts of large ice crystals from deep convective cores. In both of these fig-
ures there appears to be anomalies after 36-42 hours from clouds not directly detrained
from convection. This is expected, as not all high clouds are detrained from convection
or change as a function of TSC, as shown in Figure 3b many of the cirrus clouds that

form along the trajectories form in situ after the detrained cirrus have dissipated.

It is worth noting that N; depends on many drivers that may not be related to TSC.
These drivers may be supersaturation, cloud updrafts, ice nucleating particle (INP)
concentration, and whether the origin of the ice crystal is liquid or in situ in origin.
Naturally, this makes the relationship between N; more challenging to show compared
with INP, as many more of these drivers need to be disentangled. This partially ex-

plains the noisy results in Figure 3.8d and 3.8f.
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3.3.5 TSC as a function of latitude

It is clear from Figure 3.5b that on average TSC increases with latitude, expected from
the large-scale behaviour of the Hadley circulation. However, while latitude can ex-
plain the broad features of the high cloud field, TSC offers valuable additional insight
into the development of high clouds, more closely constraining their properties and

development.

Figure 3.9a shows the zonally averaged DARDAR cloud fraction in the tropics for all
gridboxes with a TSC value between 0 and 6 hours. Close to convection, it is clear
there is very little latitudinal dependence in the cloud profile when when controlling
for TSC. As TSC increases during the first 24 hours from convection (Figures 3.9b,c),
latitude starts to become relevant for determining the cloud profile, although the im-
pact is still small. At three days from convection (Figure 3.9d), the zonal cloud fraction
begins to resemble the average tropical climatology. Despite this, there are still clear
changes in cloud fraction as a function of TSC at a given latitude, even several days

after convection (Figures 3.9, f).

This demonstrates that the results shown in Figure 3.8 are not purely due to the cor-
relation between TSC and latitude. In contrast, TSC provides significant additional
information about the state of the cloud field. In all regions of the tropics, the temporal
evolution of clouds following convection is critical to understand high cloud proper-

ties.
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Figure 3.9: Zonally averaged DARDAR vertical cloud amount for a given TSC bin.
TSC bins are given in the top right corner.
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3.3.6 Cloud radiative effects

The radiative evolution of convection, from thick convective core to thin anvil cir-
rus, is characterised by analysing the CERES SYN1ldeg L3 LW and SW TOA fluxes
(NASA/LARC/SD/ASDC, 2017). Figure 3.10 shows the SW, LW and net cloud ra-
diative effect (CRE) as a function of the time since convection. Figure 3.10a shows
the evolution of the LW and SW and NET CRE for both the all cloud gridboxes, and

gridboxes containing only high cloud, up to 500 hours from convection.

Figure 3.10a shows that when considering the all cloud CRE, the net CRE is always
slightly cooling, with an oscillation in the first 48 hours due to the diurnal cycle in the
CRE. This net CRE of close to zero in the tropics is well studied (Ramanathan et al.,
1989; Hartmann and Berry, 2017; Wielicki et al., 1996). In the all cloud case, there is
initially a very large significant warming and cooling that cancel each other out. The
LW and SW CRE decreases significantly in the first 24-48 hours as the cloud fraction of
these clouds drop (Figure 3.8a). By 100 hours from convection there is very little change
in the all cloud and high cloud CRE. To understand how the radiative forcing of the
clouds that evolve from convection change, it is vital to consider only the gridboxes

containing high clouds.

The high cloud CRE is a strong function of TSC at very low values of TSC (Figure
3.10b). Initially, there is a large SW and LW component to the CRE, with -210Wm >
SW cooling and 150Wm ™2 LW warming at TSC-0, leading to a net CRE of -70Wm 2
cooling. This is due to the very optically thick convective core that reflects a significant
portion of the incoming solar radiation (Figure 3.7d), whilst also having a very large

LW warming due to its high cloud tops (Figure 3.7b).

As the convective core dissipates and the cloud optical thickness decreases, the SW
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CRE drops significantly, to 100Wm ™2 at 20 hours from convection, whereas the LW
warming remains around 90Wm™2. At 24 hours from convection, the net CRE shifts
from a cooling regime to a warming regime, dominated by the LW warming of the
thinner detrained cirrus in the initial stages of TSC, and then sustained by in situ cirrus
formed along the trajectories. After the initial dissipation of the core, the net warming
is sustained. After 24 hours since convection, the net CRE remains at 10Wm 2. The
histogram in Figure 3.10b shows the LW warming splitting into two layers, with the
weighted mean value falling in between. The top layer, which sits at around 100Wm™*
is the high cirrus with a high cloud fraction that has the largest warming potential. The
layer that emerges close to OWm ™ is due to the lower cloud fraction high clouds that
emerge further from convection. These clouds may not be directly detrained from con-

vection themselves, but still evolve as a function of TSC. With their low cloud fraction,

their CRE is small, close to OWm ™2 in both the LW and SW.

This sustained warming as a function of TSC is not seen in previous studies. Gehlot
and Quaas (2012) found the net CRE in the ECHAMS5 model to be negative up to five
days (120 hours) from convection. However they did not isolate the high clouds, mean-
ing that cooling from lower altitude thick clouds contributed to their CRE. Without re-
moving low clouds from the analysis, the work in this chapter finds a similar sustained,

albeit small, cooling for the all cloud CRE (Figure 3.10).

Our results differ from previous model studies. Gasparini et al. (2021) looked at the
CRE evolution in E3SM, a high resolution cloud resolving model (CRM). These results
found that, after an initial positive CRE due to small insolation values where convec-
tion occurred early before sunrise, the SW and LW CRE quickly decayed, and the net
CRE became negative after 2 hours, oscillating to a small warming again at 15 hours as
the solar insolation decreased. These simulations did not represent the thinnest cirrus

particularly well, so may underestimate some of the LW warming seen in this chapter.
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3.4 Discussion

There are multiple benefits to the TSC approach described in this chapter. It is compu-
tationally efficient when compared to tracking every single location of deep convection
in the tropics. Instead of keeping and updating an array of locations for each new con-
vective event, which grows with each timestep, this work has just one TSC array for
the entire tropics, which is updated at each timestep. It also removes any bias in select-
ing specific initial convection, since all convection from the shortest lived to the longest
lived contribute to the mean TSC. The unbounded nature of the tracking means that
the full life cycle of all trajectories from convection are considered until they are super-
seded by new convection. Finally, detrained cirrus can be differentiated from in situ
cirrus. The majority of the detrained cirrus dissipate after around 12-24 hours from
convection, however some last as long as 100 hours from convection. The in situ cir-
rus that form along trajectories still change as a function of TSC, and the formation
mechanisms responsible for the development of in situ cirrus may be affected by the
deep convection that has lifted air and moisture up to the tropopause, even after the

detrained cirrus has dissipated.

However, there are some uncertainties introduced in the TSC algorithm. Firstly, it only
considers horizontal wind fields, averaged between 200-300hPa, and there is no ver-
tical advection of the TSC. This is a similar assumption as made by Luo and Rossow
(2004), except that they considered a larger pressure averaged wind field between 200-
500hPa. The choice of the 200-300hPa average wind field is supported by the evolution
of the ISCCP CTP (Figure 3.7), and the evolution of the HYSPLIT trajectory pressures.
There is some vertical subsidence during the evolution of the cirrus, therefore using
the 200-300hPa wind field means there is some uncertainty in the advection of the air
from deep convection. Adding a vertical evolution component would be an option

for future enhancement to the TSC algorithm. It would add considerable computa-
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tional complexity, but would improve the calculations of TSC and reduce uncertainty

introduced by using a pressure averaged wind field.

Secondly, there is a necessary interpolation that occurs when the wind field diverges.
If a grid box becomes empty between timesteps, then the value for the TSC in that grid
box is calculated as the mean value of the surrounding grid boxes. This increases the

uncertainty in longer TSC values.

While there are significant changes in DARDAR ice properties as a function of TSC
(Figure 3.8), there are still considerable uncertainties surrounding the retrieval, partic-
ularly at warmer temperatures. The DARDAR-Nice N; retrieval compares favourably
to in-situ measurements at the cirrus temperatures that are the focus of this chapter
(Sourdeval et al., 2018). However, the potential temporal variation of factors such as
particle shape might introduce TSC-dependent biases in the N; retrieval, producing an

apparent change in Ni.

Two key factors may introduce temporal biases in the CRE presented in Figure 3.10.
First, to ensure CRE values existed for all clouds, missing LW clear sky values in the
instantaneous data were filled with the 3 month/seasonal mean. This introduces some
uncertainty into the results, but using annual averages makes little difference to the
results. Using too short an averaging period results in large amounts of missing data

near convection.

Furthermore, it is important to note that the ISCCP dataset does not necessarily pro-
vide a true representation of cloud top pressure or cloud optical depth. As stated in
Chen and Del Genio (2009), the ISCCP CTP-TAU histograms are not an actual verti-
cal distribution of clouds. This means that when considering Figure 3.6, the apparent
cloud layer that appears at 370 hPa should not be taken to be a true appearance of the

clouds at this height. More likely, it is the existence of thin high clouds sitting over low-
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cloud that causes ISCCP to incorrectly diagnose them as lower level clouds (Mace and
Wrenn, 2013). This occurs when the optically thick deep convection dissipates, and the
thin cirrus moves over a region of continuous low cloud in the trade cumulus regions.
The DARDAR dataset and Figure 3.8 is particularly useful here as it can provide us
with a more reliable vertical distribution of the cloud amount. The issue with the IS-
CCP mid level clouds is not concerning, and should not impact our subsequent results,
in particular the CRE calculations in Figure 3.10. To isolate our high cloud regions for
the CRE calculations we select bins with very little low clouds, making it unlikely that

this mid-level cloud effect drives the results in Figure 3.10.

3.5 Conclusion

The lifecycle of convective cores and their associated cirrus outflows, including their
vertical evolution, have been characterised in this chapter through the creation of a
"Time Since Convection” (TSC) dataset. Convection is identified in satellite data (Fig-
ure 3.1), and then advected as a tracer in a reanalysis wind field, resulting in every
point in the tropics being assigned a TSC value, indicating the last time that air parcel
experienced convection (Figure 3.4). Building on previous studies that were forced to
set an artifical limit to the time they tracked a parcel of air from convection (Luo and
Rossow, 2004; Gehlot and Quaas, 2012), the methodology presented here allows an ef-
fectively unbounded upper limit for the time since convection. Changes in high clouds
as a function of TSC continue to be observed several days after the convective event

(Figure 3.9).

Cloud properties are strong functions of TSC, particularly those for high clouds. There
is a general trend for high altitude, optically thinner clouds to appear over time, as ex-

pected in the evolution of deep convection to anvil to thin cirrus (Figure 3.7). Following
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a sharp initial decay in both the CTP and COT in the first 12 hours from convection, a
slower decrease is observed in ISCCP data over the next 120 hours. This gradual thin-
ning of the anvil is also seen in vertical profiles of cloudiness, with the clearest changes
observed in the first 120 hours (Figure 3.8a), although changes in cloud fraction as a
function of TSC continue to be observed for several hundred hours after the convective

event (Figure 3.8b) in both detrained and in situ cirrus.

Cloud properties and TSC are both strong functions of latitude in the tropics (Figure
3.4). However, changes in the cloud properties along TSC trajectories are not solely
due to latitudinal changes along these trajectories. Controlling for latitude by looking
at the zonally averaged cloud amount at a given TSC, it is clear that cloud properties
are similar for a given TSC at all latitudes. This shows that looking at evolution along
trajectories is not merely characterising the changing climatology as trajectories move
from tropics to extra tropics, but it provides significant extra information on cloud

evolution, making it a powerful tool for studying the development of clouds.

The changes in cloud properties explain the observed evolution of the CRE as a func-
tion of TSC (Figure 3.10). Considering the CRE for all clouds, the net CRE is very close
to zero at all values of TSC. This apparent balance in the tropical CRE is well doc-
umented (Wielicki et al., 1996; Ramanathan et al., 1989; Hartmann and Berry, 2017),
occurring both close to convection when the the LW and SW values are very high and
at very large TSC. However, when the high cloud only regions are isolated, there is a
sustained warming beyond 120 hours from convection after a brief initial cooling. The
warming effect of high clouds is only unmasked when removing the optically thick,
low clouds from the analysis, which generate a significant SW cooling at large TSC
(Figure 3.7). The LW warming from these high, optically thin clouds is sustained well
beyond 24 hours from convection, by which point the SW cooling from the convective

core has largely dissipated. With this close CRE balance at a range of TSC values, un-
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derstanding the controls on high cloud evolution as a function of TSC is essential to

constrain the processes governing tropical radiation balance.

This chapter has introduced a novel method for investigating the evolution of clouds
following convection, through anvil cirrus to thin cirrus. Combining satellite and re-
analysis data to calculate the "Time Since Convection” for each point in the tropics,
this provides a new window into high cloud development in the tropics. The flexi-
ble nature of the TSC approach allows it to be easily applied to a wide range of cloud
and atmospheric datasets, as will be shown in the next two chapters. Whilst there are
significant changes in CRE with TSC observed close to convection, this chapter also
demonstrates that changes in cloud properties with TSC can be observed at timescales
up to 500 hours from convection, long after the original convective event has dissi-
pated. With previous studies being limited to the youngest 30% of tropical locations
(<120 hours), there is a clear need for future investigation of cirrus development at
these longer timescales. The next chapter will further investigate the controls on the
radiative evolution of detrained cirrus clouds, and consider the impact that the de-

trained cirrus lifetime has on the overall high cloud radiative effect in the tropics.



- Chapter 4

Lifetime extension of detrained cirrus

Chapter Summary

e The Time Since Convection dataset is expanded to investigate how the ini-
tial location of the convection, namely if it occurred over ocean or land,

impacts the subsequent radiative evolution of the high clouds.

e Land-origin trajectories are considerably warmer over the lifetime of the de-
trained cirrus than ocean-origin trajectories, due to the timing of the initial

convection.

e Extending the lifetime of detrained cirrus is found to increase the overall

high cloud radiative effect in the tropics.

The text and figures in this chapter are adapted from Horner & Gryspeerdt (2024, in review).
(Horner, G. and Gryspeerdt, E.: How does the lifetime of detrained cirrus impact the high cloud ra-
diative effect in the tropics?, https://doi.org/10.5194/egusphere-2024-1090, 2024.) The analysis and
manuscript are my own work with comments and suggestions from Edward Gryspeerdt.
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4.1 Introduction

The previous chapter introduced the TSC methodology and showed how cloud prop-
erties evolve as they travel away from deep convection. It also introduced the distinc-
tion between air parcels containing detrained cirrus, that is cirrus that evolve directly
out of deep convection, and in situ cirrus, cirrus that form along trajectories from deep
convection but do not evolve directly out of the deep convection. The amount of de-
trained cirrus was shown to sharply decrease at the expense of in situ cirrus air parcels
as a function of TSC. This chapter will investigate the properties of the detrained and
in situ cirrus air parcels in more detail, and in particular investigate how the radiative
properties of these air parcels compare, and how an artificial extension to the lifetime

of the detrained cirrus may impact the overall high cloud radiative effect in the tropics.

In situ cirrus, whilst not formed directly from convective cores, do not exist indepen-
dently from their detrained counterparts. The lifetime and properties of detrained
cirrus are affected by any factor that affects the distribution of deep convection (Gas-
parini et al., 2023). These large scale factors range from variable sea surface temper-
atures (SSTs) to the Madden-Julian Oscillation (MJO) and El-Nifio Southern Oscilla-
tion (ENSO) (Riley et al., 2011). Not only will these factors affect the distribution and
properties of the detrained cirrus, but the abundance of deep convection which lifts
moisture into the free troposphere and generates detrained cirrus is likely to also affect
the distribution of in situ cirrus (Massie et al., 2002). Conversely, the existence of in
situ cirrus will also affect the impact that convective air and moisture has on the free
troposphere and lower stratosphere, and therefore the development of detrained cir-
rus (Jensen et al., 2020). For these reasons, the total cirrus CRE in the tropics must be
considered when investigating lifetime changes to detrained cirrus. Any change in the
properties or amount of detrained cirrus will ultimately affect the average properties

of all cirrus in the tropics.
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Detrained cirrus and in situ cirrus have different radiative and microphysical prop-
erties. Of particular importance is the time dependence of the properties of detrained
cirrus compared to in situ cirrus. The properties of detrained cirrus strongly depend on
the time since the cirrus cloud formed out of deep convection, as shown in the previous
chapter. Close to convection, the detrained anvil cirrus will be optically thick, with a
SW cooling dominating the net CRE. As time since convection increases, the detrained
cirrus have a tendency to thin and spread out, decreasing the SW cooling as the albedo
decreases (Luo and Rossow, 2004; Hartmann et al., 2018; Gasparini et al., 2019, 2021).
The albedo decreases faster than the LW emissivity, contributing to this switch from
cooling to warming in the net CRE (Berry and Mace, 2014). The properties of in situ
cirrus will vary, depending on the optical thickness and ice water path, as well as the
altitude of the clouds (Hartmann and Berry, 2017). In contrast to in situ cirrus, where
there is little time dependence on their radiative properties, the time dependence of
detrained cirrus is an important factor in determining their CRE. Therefore when cal-
culating the radiative balance in the tropics, any changes in the lifetime of detrained
cirrus would have a significant impact on the delicate radiative balance in the tropics,

given that their properties are such a strong function of time since convection.

In addition to the overall lifetime of the detrained cirrus, the timing of the initial con-
vection plays an important role in determining the total cirrus cloud CRE over the
detrained cirrus’ lifetime. Jones et al. (2024) showed that the timing of the initial con-
vection has a large effect on the total CRE across the detrained cirrus lifetime. This is
due to the dependence of SW cooling on incoming solar radiation. If convection occurs
later in the day when solar insolation is lower, the SW cooling of the younger, thicker
anvil cirrus will be less than if the convection occurs in the morning or middle of the

day.

The diurnal dependence on the total lifetime CRE of detrained cirrus means that the
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location where the convection occurs has a large effect on the CRE across its lifetime.
Many studies have investigated the diurnal cycle of regional convection (Chen and
Houze Jr, 1997; Lopez-Bravo et al., 2023; Krishna et al., 2021). Fewer studies have
investigated large-scale differences in the diurnal cycle of deep convection (Ruppert
and Hohenegger, 2018). The difference in the diurnal cycle from terrestrial and oceanic
convection, where the differences in the diurnal cycle of convection are significant, has
been thoroughly studied (Albright et al., 1985; Dai et al., 1999; Dai, 2001; Zuidema,
2003). Of particular importance in this chapter is not the mechanisms that govern
the behaviour of terrestrial and oceanic convection but the effect that the difference in
timing of this convection has on the subsequent radiative properties of the detrained

cirrus.

The temperature of anvil clouds will remain the same in a warming climate for a given
increase in altitude under the fixed anvil temperature (FAT) hypothesis (Hartmann
and Larson, 2002). However, many modelling studies have predicted changes in the
cloud fraction of detrained anvil clouds in a warming climate (Bony et al., 2016; Cronin
and Wing, 2017; Su et al., 2017). Changes in cloud area can be thought of as changes
in the lifetime from a Lagrangian viewpoint assuming that the advection of the anvil
cirrus remains the same, where “time since convection’ is a function of distance from a

convective core (see Chapter 3).

Gasparini et al. (2021) used Lagrangian trajectories and model studies to investigate
the lifetime of anvil cirrus in present and future climate. They found the lifetime of
the anvil cloud to be 15 h, significantly shorter to that of Luo and Rossow (2004) who
found anvil lifetimes of 30 h. These studies are sensitive to the choice of methods and
thresholds for cirrus detection used. For example, Luo and Rossow (2004) determine
cirrus lifetime as the point at which the cloud fraction along a trajectory first drops be-

low 20% of the maximum cloud fraction along the trajectory (nominally 100%). There
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is no robust definition of when detrained cirrus have dissipated, therefore there is some

spread in the given lifetimes of detrained cirrus in the literature.

Crucially, Gasparini et al. (2021) found no difference in the lifetime of anvil cirrus in the
present climate compared to a 4K warming scenario. Beydoun et al. (2021) also found
a similar negligible change in anvil lifetime using RCEMIP-style models. It should
be noted that neither of these studies represent all the processes that would impact
cirrus lifetime, particularly the lack of diurnal cycle. More observational studies are
needed to assess the impact that these particular processes may have on the lifetime
of detrained cirrus clouds. Overall, there is much uncertainty in the response of high

cloud area and lifetime to a warming climate.

There are many factors that impact the decay, and therefore lifetime, of detrained cir-
rus clouds. Gasparini et al. (2022) used idealised cloud resolving models to investigate
the impact that the diurnal cycle has on the cirrus lifetime. They found that tropical
anvil clouds forming in the day are more widespread and longer lasting than those
formed out night, due to the shortwave radiative heating during the day which lofts
and spreads the anvil clouds. During night there is an increase in ice nucleation, how-
ever this doesn’t compensate for the entrainment of dry air that also acts to reduce
anvil lifetime. Sokol and Hartmann (2020) also found that anvils thin more rapidly
during the night due to the net radiative cooling eroding the cloud top. In both cases,
it is found that the timing of convection is an important control on the lifetime of the

detrained cirrus cloud.

This chapter seeks to understand the extent to which changing the lifetime of detrained
cirrus impacts the overall tropical CRE. If the effect is small, then many of the drivers of
anvil development mentioned above may not be important when considering changes
in total cirrus CRE in a warming tropics. This question is answered by first charac-

terising the overall high cloud CRE in the tropics as a combination of the CRE of the
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detrained cirrus and in situ cirrus distributions. The distribution of detrained cirrus
is then modified by artificially altering its lifetime, and the impact that this has on the
overall CRE is investigated. How the CRE of detrained cirrus from land convection
differs to oceanic convection is also investigated, and how their lifetime extensions
change the overall tropical CRE. Answering these questions will allow us to investi-
gate how sensitive the overall CRE in the tropics is to changes in the lifetime of the
detrained cirrus clouds, enabling us to constrain future changes due to climate change

or anthropogenic aerosol emissions.

4,2 Methods

4.2.1 Cirrus Type Flag: Land/Ocean origin

The TSC method developed in Chapter 3 is adapted to store properties associated with
the initial convection. The convective origin flag marks each air parcel with either a
land-origin or an ocean-origin flag. This flag remains on the air parcel until it is re-
placed by a flag from newer convection. It is important to note that this flag doesn’t
simply indicate whether a cirrus cloud is currently over land or ocean, but rather
whether the convection it originated from occurred over land or ocean. For this reason,
it is often the case that land-origin convection exists over the ocean and vice versa (Fig-
ure 4.1c). When two trajectories enter the same gridbox, the air that has more recently
experienced convection (with a lower TSC) is deemed to be a more important indicator
of cloud properties. As a result, the properties of the younger convection define that

gridbox, whether that be the detrained or in situ flag, or the land ocean flag.

Figure 4.1 shows (a) a snapshot TSC map from 00:30UTC on the 9th April 2008, a
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Figure 4.1: Sample TSC snapshot from April 9th 2008, 00:30UTC. (a) Time since con-
vection (TSC) (b) In situ versus detrained cirrus flag values (c) land versus ocean con-
vective origin flag. (d-f) 2008 annual mean for (a-c).

snapshot of the associated (b) cirrus type flag and (c) convective origin flag. As values
are interpolated during the advection algorithm generating the TSC and associated
flags, the flag values are not a binary classification. Instead, the positive or negative
sign indicates the flag value (i.e., positive cirrus type flag indicates detrained, negative
in situ), and the magnitude can be considered an indication of the confidence in that

flag following the merging of trajectories over time.

4.2.2 High Cloud Radiative Effect

In this chapter, the high cloud CRE is calculated differently to Chapter 3. The reason
for this is that in this chapter, the instantaneous CRE as a function of TSC is used
to calculate a tropical estimate of the lifetime CRE. The method used in the previous
chapter, i.e. determining the high cloud CRE in regions where the low cloud fraction
was close to zero, was sufficient to show how the instantaneous CRE changed as a

function of TSC. However, this approach would regionally bias the results to regions
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of little low cloud if it were used to calculate a tropical lifetime CRE. This new method

for calculating the high cloud CRE reduces the regional bias.

The high cloud CRE is again calculated using the CERES SYN1deg L3 1-hourly dataset
(NASA/LARC/SD/ASDC, 2017). It is necessary to isolate the CRE of the cirrus clouds
from the effects of low clouds in order to investigate how the radiative properties of the
high clouds alone change with TSC. To isolate the radiative effect of the high clouds,
the monthly mean combined low cloud and clear sky albedo (hereafter referred to
as the ‘background albedo’) are subtracted from the instantaneous all sky albedo to
give an estimated high cloud albedo. To identify the background albedo, the ISCCP
histograms are used to isolate gridboxes where the high cloud fraction is less than
<1%, thereby attributing the albedo to the low cloud and surface only. The monthly
mean background is used in order to give sufficient coverage to co-locate regions of
high cloud and background cloud. Equation 4.1 is used to isolate the albedo of the

high clouds only:

Qhigh = Qall_sky — Qbkg (4.1)

where a4, is the high cloud albedo, o sk, is the all sky albedo and @y, is the monthly
mean background albedo. The background albedo is defined as the sk, in regions

with a <1% high cloud fraction. The SW high cloud CRE can then be calculated using;:

SW,CREhigh = F¢ X pigh (42)

where F) is the incoming solar radiation. One shortcoming in using the monthly mean

background albedo, and subtracting this from the instantaneous all sky albedo, is that
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this introduces regions where there is a negative albedo, and therefore an apparent
positive instantaneous high cloud SW CRE. This occurs in regions where the all sky
is less than the monthly mean background albedo. Figure 4.2 shows (a) an instanta-
neous all sky CRE, (b) the monthly mean background albedo (in this case the month of

March), and (c) the instantaneous high cloud CRE calculated from these.

As seen in Figure 4.2c), in regions with little to no high cloud, the SW CRE can be pos-
itive, since the all sky instantaneous albedo is less than the annual mean background
albedo. These un-physical regions disppear in the annual mean, but are required to
avoid biasing the mean high cloud albedo. The LW CRE is calculated as the all-sky LW
minus the clear-sky LW, due to the small LW CRE of low clouds.

4.3 Results

4.3.1 TSC distribution

Figure 4.1b shows the instantaneous detrained versus in situ flag map, and e) shows
the yearly mean flag values. The detrained cirrus in red are centered around regions of
active convection. These extend beyond the original convective cores, much like anvil
cirrus would extend beyond the active convection, All other regions contain in situ air
parcels, i.e. if cirrus were to occur in these regions they would be classed as in situ in

origin.

Any region in Figure 4.1e) where the mean value is above zero are regions where de-
trained cirrus clouds are more often found. Compared to Figure 4.1d, these occur at

low TSC values, close to convection. The likelihood of finding detrained cirrus air



92 4. Lifetime extension of detrained cirrus

0
b
-200 £
>;
¥ S~
—400 N X
— 3
i
-600 <
|_
—800
0
—200 g‘TE
)
o=
-400 5
G X
—600 p =
-800
400
b
200 £
EE
°
0 Ow
Nallad
o0
—200 T =
wn
—400

Figure 4.2: Snapshot of (a) All sky SW CRE for 12:00UTC 02/03/2008, (b) Monthly
mean background SW CRE (March), (c) High cloud SW CRE for 12:00UTC 02 /03 /2008.
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parcels is highest over the Maritime Continent. This is because there is much more
sustained convection over the ocean, which means convection here has a smaller diur-
nal variation. This allows for a constant supply of detrained air from convection over
the course of 24 hours. This compares to terrestrial regions over South America and
central Africa where the convective cycle is more diurnal. This means there are large
periods in the day where there is little convection, and the detrained origin air parcels

are advected away and replaced by in situ air parcels from the ocean.

Figure 4.3a shows the fraction of grid boxes containing detrained or in situ air parcels,
as a function of TSC. Figure 4.3b shows the total counts of both origin types. Note,
the scallop-like pattern along the lines in Figure 4.3a is due to the temporal resolution
of ISCCP data meaning that convection is only initiated every three hours. At low
TSC values, most air parcels along trajectories contain detrained cirrus clouds. At ~
30 hours, the number of gridboxes containing detrained cirrus or in situ air parcels is
approximately equal. For example, at 30 hours from convection, approximately 50% of
the detrained cirrus have dissipated. At higher TSC values than this, new cirrus clouds

that occurs along the trajectory are more likely to be in situ in origin.

The median lifetime, that is the TSC at the point a gridbox switches from containing
a detrained cirrus air parcel to an in situ air parcel, of a detrained cirrus cloud is 36
hours. The modal lifetime is 25 hours. These values are in agreement with Luo and
Rossow (2004) who found the average detrained cirrus lifetime to be 30 & 16 hours.
The standard deviation of the lifetime is found to be 30 hours. This is much larger than
that found by Luo and Rossow (2004) since it doesn’t track specific convective events

but rather tracks all air from convection.

Figure 4.1d shows the instantaneous snapshot of the land and ocean origin air parcels.
The majority of the tropics contain ocean origin air parcels (blue), as the majority of

convection that occurs in the tropics occurs over the ocean. Therefore for a given de-
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Figure 4.3: Distribution of detrained and in situ cirrus flags as a function of TSC. (a) The
count of each flag as a fraction of the total TSC distribution. (b) The total distribution
of each flag.

trained cirrus cloud, it is more likely to be oceanic than terrestrial in origin.

The land origin air parcels occur predominantly over land or near the coast. Figure
4.1f shows the mean land-ocean origin value. There are large regions over the southern
Atlantic ocean that contain more frequent land origin air parcels than average. This is
due to wind fields that carry air from land origin convection over the ocean, making it
more likely to find land-origin detrained cirrus in this region compared to the rest of

the global oceans.

The average air parcel origin map (Figure 4.1f) shows which type of air parcel is most
common for a particular region. For example, land air parcels are most likely seen over

oceans in the SE Atlantic off the coast of Africa. Figure 4.1c shows that these instances
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of land origin air parcels can occur in many regions over ocean, and can travel long

distances from any land source.

(a) Global (b) Land (c) Ocean
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Figure 4.4: Diurnal cycle of tropical deep convection, normalised such that the maxima
of each cycle is one, for (a) the entire globe, (b) land origin convection (c) ocean origin
convection. The error bars correspond to the standard deviation of the interannual
variability between 1984 and 2016.

Figure 4.4 shows the timing of convection from land-origin versus ocean-origin con-
vection. There is a significant peak in convective activity over land in the late afternoon

into the early evening. This is in contrast to oceanic convection which occurs compar-

atively uniformly throughout the day, with a smaller peak in the morning.

Figure 4.5 shows the distribution of the lifetime of the land and ocean-origin detrained
cirrus. The modal lifetime for land-origin detrained cirrus is 15 hours, compared to
25 hours for ocean-origin detrained cirrus. It should be noted that many of the very
low lifetimes occur when convection replaces itself between timesteps. However, these
instances have a negligible impact on the median lifetime. Removing these very low

lifetimes (lifetimes less than 5 hours), increases the median lifetime by less than 1 hour.

The difference in land and ocean origin detrained cirrus lifetime is significant. The
land origin lifetimes are much shorter than the ocean origin lifetimes likely due to the

timing of the initial convection. Given that most land convection occurs closer to the
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Figure 4.5: Total distribution of the lifetimes of ocean-origin and land-origin.

evening, this means that the thicker anvil exists for most of its life during solar night.
This is compared to the oceanic convection that sees a small morning peak, followed
by a much greater proportion occurring during the day than at night. This means that
for ocean, most of the thick anvil will spend its evolution in the solar day. Detrained
cirrus is likely to dissipate much faster during the night due to, among other factors,
the entrainment of dry air acting to reduce anvil lifetime (Gasparini et al., 2022). These
lifetime differences also support findings by Sokol and Hartmann (2020) who found
that anvils thin more rapidly during the night due to the net radiative cooling which
erodes the cloud top. As well as the lifetimes being different between land-origin and
ocean-origin-detrained cirrus, the distribution shown in Figure 4.5 shows an oscillation
in the rate of decay for both origin cirrus, which could be further evidence of a diurnal

impact on the lifetime.

200 Figure 4.6 shows the median lifetime of detrained cirrus clouds as a function of the
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Figure 4.6: Lifetime of detrained cirrus as a function of the timing of the initial con-
vection for all, land, and ocean origin cirrus. The error bars represent the interannual
variability over the study period.

local solar time that the deep convection occurred at. This further shows a strong de-
pendence on the lifetime of the detrained cirrus to the diurnal cycle of convection, with
cirrus that originates from convection that occurs during the night having a shorter
lifetime than cirrus that occurs from convection during the day. For the all origin case,
cirrus that occur from convection occurring between 12pm-3pm has on average a life-
time of 45 hours. In contrast, cirrus that originate from convection occurring between
9pm and midnight have an average lifetime of around 24 hours, almost twice as short.
This is the case for both land and ocean origin cirrus as well, with land origin cirrus on
average having a shorter lifetime, particularly for the longest lived cirrus. This shows
that the difference in the lifetimes as a function of time of initial convection isn’t sim-
ply showing a shift in the distribution of convection from ocean to land throughout the

day. Whilst this figure doesn’t control for other factors, such as the changing strength
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of convection throughout the day, it is further evidence for the hypothesis that cirrus

decay quicker through the night than they do during the daytime.

4.3.2 Cloud radiative effect - detrained versus in situ

Figure 4.7 shows the LW, SW and net high cloud CRE for detrained, in situ and net
of all air parcels as a function of TSC. They are weighted in each TSC bin by the rela-
tive occurence of each bin. The total net CRE is negative (a cooling) at low TSC values
becoming warming after ~ 6 hours, reflecting the shift from optically thick deep con-
vective core and anvil cirrus to thinner cirrus. For the first 10 hours, the mean high
CRE is the same as the detrained cirrus CRE, as almost all air parcels at this point are

considered detrained (Figure 4.7).

The low occurrence of in situ air parcels at low TSC accounts for the erratic jumps in
the weighted mean of the in situ CRE close to convection (Figure 4.7). As these in situ
air parcels become more common, the mean high-cloud CRE approaches the in situ
CRE, although some differences remain even at several days from convection. This
shift in the high-cloud CRE is most evident when considering the LW and SW CRE
separately. The detrained clouds have a larger SW cooling, LW warming, and stronger
net positive CRE than the in situ air parcels. There is still a small trend in the CRE
of the in situ air parcels even when their occurrence is low close to convection. This
is likely due to shallower, mid-tropospheric convection that is not identified as deep

convection, but still contributing to the CRE along trajectories.
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Figure 4.7: The cloud radiative effects (Net, LW, SW) as a function of the TSC for both
detrained, in situ air parcels, and the weighted sum of both. The vertical line shows
the modal lifetime of the detrained cirrus. Note that in situ values at TSC less than 6
hours are unreliable due to the small number of data points.

After the initial cooling, the net high cloud CRE peaks at ~ 10Wm™? at 10 hours since
convection. There are some small oscillations in the CRE due to the diurnal cycle of
convection formation (see Figure 4.4). As the proportion of in situ air parcels increases
as a function of TSC, the mean net CRE decreases towards zero, as the in situ air parcels
have a CRE closer to zero than the detrained cirrus clouds. At low TSC values, the
change in high cloud CRE is dominated by the changing properties of the detrained
cirrus clouds. As TSC increases, the change in total cirrus CRE reflects the change in

distribution away from detrained cirrus clouds, towards in situ cirrus air parcels.

The total lifetime CRE of the high clouds for the entire tropics is calculated as the
average CRE along trajectories, weighted according to the distribution of TSC values

in the tropics and the latitude that the values occur at (see Figure 4.3b inset).
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4.3.3 Cloud Radiative Effect - Land versus Ocean

There are significant differences in the CRE of air parcels that originate from convection
over land, versus those that originate over the ocean. Figure 4.8 shows the LW, SW and
net CRE for ocean-origin air parcels and land-origin air parcels. It is found that 20%
of air parcels are land-origin, and 80% are ocean-origin. The ocean-origin evolution
is very similar to the all-origin evolution since the majority of the air parcels from
convection are oceanic in origin. The largest differences in the land versus ocean CRE
occur at low TSC values, driven predominantly by differences in the SW cooling in the
early stages of the evolution. These differences arise due to the differences in timings
of convection and the strong diurnal cycle in convection over land shown earlier in the

chapter. Some of the difference is also due to the contrast in surface albedo between
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Figure 4.8: Total LW, SW and Net CRE as a function of TSC. Dotted lines show the
land-origin CRE and solid lines show the ocean-origin CRE. The vertical lines show
the modal lifetimes of the ocean and land detrained cirrus.

s1s land and ocean. Further work is needed to quantify the contribution of both the albedo
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contrast, and the diurnal cycle difference, by focusing on land origin convection that

exists over land and over ocean.

The timing of this convection over land means that the SW cooling from the optically
thick cirrus is minimised compared to oceanic convection. Therefore the total net CRE
is positive in the first hours from convection. By the time the incoming solar radiation
is maximised, the cirrus has already thinned sufficiently that the SW cooling is signif-
icantly smaller than the LW warming. As a result, the land-origin air parcels have a
positive CRE throughout their entire lifecycle. The timing of terrestrial convection is
shown to play a vital role in determining the total CRE of the detrained air parcels

(Jones et al., 2024).

The differences in the LW warming between land and ocean-origin air parcels are less
clear. In the early stages of the convection, they are similar. After 20 hours, the land-
origin air parcels appears to have a slightly larger LW warming than the ocean-origin
air parcels. This could be due to stronger convection occurring over land, leading
to higher altitude cirrus producing a larger LW warming (Takahashi et al., 2017). The
land-origin parcels also have a stronger SW cooling after the initial stage of convection,
suggesting that the detrained cirrus from land-origin convection are optically thicker

than their ocean-origin counterparts.

Over the entire range of lifetimes, the weighted average of the land-origin CRE is 7.7
+ 0.6 Wm ™2, the ocean-origin has a total CRE of 4.3 + 0.4 Wm 2. This difference in the
lifetime CRE is almost entirely due to the differences in the timing of the initial convec-
tion, and as such the lack of SW cooling that occurs in land-origin cirrus compared to

ocean-origin cirrus.
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4.3.4 Lifetime adjustments

Given that the CRE of detrained cirrus clouds is very different to the CRE of in situ cir-
rus air parcels (Figure 4.7), the lifetime of the detrained cirrus clouds is very important
when determining the total tropical CRE. As mentioned above, the median lifetime of
the detrained cirrus is approximately 36 hours, with a modal lifetime of 25 hours. This
is shown separately for land and ocean origin cirrus in Figure 4.5. This is defined as

the mean TSC when the air parcel changes from detrained to in situ.

The impact of extensions to detrained cirrus lifetime on the tropical CRE can be es-
timated through an artificial modification of the detrained cirrus distribution. The
lifetime of the detrained cirrus can be artificially extended by modifying the fractional
distribution of the detrained cirrus in Figure 4.3, a novel method introduced in this the-
sis. In this chapter, a simple approach to extend the distribution of the detrained cirrus
is used. The original distribution is stretched along the TSC-axis by a given percent-
age, and this new distribution can be thought to represent the distribution of detrained
cirrus in this new extended lifetime regime. This is shown in Figure 4.9. By stretching
the distribution along the x-axis by some factor the amount of detrained cirrus is artifi-
cially increased for a given TSC. It is important to note that the TSC distribution is not
changed when the lifetime of detrained cirrus is extended, just the radiative properties
of the cirrus as a function of TSC. This decouples the cloud evolution from the con-
vective occurrence and large scale flow. This change, therefore, maintains the overall
shape in the distribution of TSC whilst increasing the proportion of detrained cirrus
air parcels for a given TSC. This increases the mean detrained cirrus lifetime by the

prescribed factor.

Increasing the distribution is analogous to increasing the mean lifetime of each de-

trained cirrus by the same percentage. Figure 4.9 shows that for a 50% increase in
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Figure 4.9: The fractional distribution of the detrained versus in situ air parcels. Dot-
ted lines represent various distributions when the detrained cirrus are extended by a
percentage.

the detrained cirrus lifetime, this shifts the point at which the number of in situ and

detrained parcels are equal from around 30 hours to just under 50 hours.

As the all-cirrus LW, SW and net CRE along trajectories from convection are a weighted
average of the CRE contributions of detrained cirrus and in situ air parcels, changing
the lifetime of the detrained cirrus changes the weighting and thus total CRE along the
trajectories. With detrained cirrus having a stronger warming effect, extending their

lifetime increases the overall warming of tropical cirrus clouds.

Figure 4.10 shows how the total tropical CRE changes when the lifetime of the de-
trained cirrus is increased. In all cases, the tropical CRE increases almost linearly for
a given increase in the lifetime of the detrained cirrus. For a doubling in the lifetime

of all-origin detrained cirrus, the tropical CRE increases from a baseline of 5.0 & 0.4
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Figure 4.10: Change in CRE for all, land and ocean origin air parcels for a given per-
centage increase in the lifetime of the detrained cirrus clouds.

Wm™? to 5.7 + 0.5 Wm 2. The uncertainties given represent the interannual variability
in the increase in CRE for a given increase in detrained cirrus lifetime. In practice these
uncertainties are likely larger due to the inherent uncertainties in the initial calculation
of CRE, however these are normalised to a baseline, therefore there is no uncertainty

in the lifetime extension when the lifetime extension is zero hours.

The increase in the high cloud CRE is similar for an increase in the lifetime of ocean-
origin detrained cirrus. This is to be expected given the greater proportion of con-
vection originating over ocean versus land. A doubling in the ocean-origin detrained
lifetime leads to an increase in the tropical CRE of 0.3 &+ 0.1Wm™2, from a baseline CRE
of 44+ 04 Wm2,to4.7 + 0.4 Wm~2.

Interestingly the increase is not linear over time, with the first 50% lifetime extension
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2 more than the final 50% increase. One

increasing the all-origin CRE by 0.06Wm™
reason for this is the decreasing difference between the in situ CRE and detrained CRE
at longer TSC values. Therefore any adjustment to the relative distributions at longer

TSC will have a slightly smaller impact than initial adjustments to the shorter lifetimes.

For land-origin cirrus the increase in tropical CRE is much greater for a given increase
in the detrained cirrus lifetime. A doubling the land-origin detrained cirrus lifetime
increases the tropical CRE from a baseline of 7.7 + 0.6 Wm ~? t0 9.7 = 0.5 Wm ~2. This is
because land-origin detrained cirrus are much more warming than ocean-origin cirrus,
particularly at low TSC values (Figure 4.8). This is due in part to a smaller SW cooling
in land-origin detrained cirrus because of differences in the timing of convection. This
means that increasing the proportion of detrained cirrus for a given TSC, increases
the overall CRE by a larger amount than the same increase for ocean-origin detrained

cirrus.

Figure 4.11 shows the LW, SW and net CRE as a function of TSC, for a baseline, as well
as a 50% and a 100% increase in the lifetime of detrained cirrus. This shows an increase
in the net CRE at all TSC values given an increase in the lifetime of detrained cirrus.
At very low TSC values there is little change in the net CRE for an increase in lifetime.
At these low TSC values, detrained air parcels account for almost all the air parcels.
Therefore, there is no change in the relative distributions of detrained versus in situ air

parcels (see Figure 4.3) and no change in the overall CRE at low TSC values.

4.4 Discussion

In this work, the overall high cloud CRE, including both detrained origin cirrus and

in situ origin air parcels (which may contain in situ cirrus) was found to be 5.0 + 0.4
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Figure 4.11: Total net (left axis) and LW and SW (right axis) CRE as a function of
TSC.The dashed and dotted lines represent a 50% and 100% increase in the lifetime
of detrained cirrus respectively. Note the separate axis for Net, LW and SW radiatve
effects, introduced here to show the changes in CRE for each lifetime extension more
clearly.

Wm™2. However, there are still a number of uncertainties that need addressing. These
uncertainties fall into three main categories: a) isolating the radiative effects from high

clouds, b) the distinction between detrained and in situ air parcels, and c) the method

for extending the lifetime.

In order to isolate the radiative effects of high and low clouds, this chapter attempts to
consider the contributing radiative effect of the low clouds by calculating the monthly
mean ‘background albedo’, which is then subtracted from the instantaneous all-sky
albedo to give the ‘high cloud” albedo. The background albedo is the all-sky albedo in
regions with no high cloud. This method gives an approximate high cloud SW CRE.
However, it relies on the assumption that the monthly mean background albedo is ap-

proximately representative of the instantaneous background albedo, if it were possible
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to be calculated for everywhere in the tropics at each timestep.

As the annual mean background albedo is subtracted from the instantaneous all-sky,
there are occasions where the annual background is greater than the all-sky (Figure
4.2). This produces a negative high cloud albedo and thus a positive SW cooling value.
It can be assumed in these regions this occurs when the all-sky is close to the clear-sky
albedo value, with total cloud fraction being lower than the average low cloud fraction.
This assumes that there is little correlation between the low and high cloud fraction.
For a further discussion of cloud overlap statistics, see Tompkins and Giuseppe (2015).
The impact of these cases averages to zero when calculating the annual mean SW high
cloud CRE, and is less important for this work’s analysis as they occur at large TSC val-
ues in regions where there is little high cloud. This situation occurs in regions where
the average low cloud cover is high, and therefore the average background albedo
is high. Therefore, if a trajectory is observed at this location that contains an opti-
cally thin high cloud, and little to no low cloud, the observed albedo will be lower
than the average albedo, thus resulting in a 'negative” high cloud SW CRE. It is also
known that the ISCCP cloud type histograms may over attribute the TOA cooling to
low clouds (Stephens et al., 2018). This may lead to a positive (warming) bias in the
results in this work, therefore it should be understood that these results represent an
upper bound. However this bias is likely small in comparison to other uncertainties

mentioned above.

The second area of uncertainty in this work surrounds the definition of detrained cir-
rus. This work defines the end of a detrained cirrus lifetime, and the beginning of the
in situ air parcels, as the point at which a cloud along a trajectory from deep convection
moves below 10% cirrus cloud fraction for the first time. Any cirrus that then appears
along a trajectory after this point is defined as in situ in origin. This is similar to Luo

and Rossow (2004) who define the end of their cirrus lifetime as the point at which the
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cirrus cloud reaches 1/5 of the maximum cloud fraction along the trajectory. Chang-
ing the definition of detrained cirrus would not change the overall high cloud CRE.
However, it does change the calculated lifetime of detrained cirrus, which is shown in
Figure A.1 in the appendix. There is no universal definition for ‘detrained” or "anvil’
cirrus, and as such the lifetimes of these clouds vary depending on how they are de-
fined. Nevertheless, the lifetimes in this work fall within the expected ranges given in
the literature (Luo and Rossow, 2004) and as shown in Figure A.2, the final values for
the change in CRE for a given lifetime extension are not particularly sensitive to the

threshold used to define the convection.

The method used to extend the lifetime of the detrained cirrus is relatively idealised,
insofar as it models a lifetime extension as a change in the distribution of detrained
cirrus at the expense of in situ cirrus. Moreover, the extension in the distribution mod-
ifies the distribution mostly at the tail end of the detrained cirrus lifetimes, meaning
that the oldest detrained cirrus are the ones that see the largest increase. The purpose
of this work was not to assess the methods through which a lifetime extension would
occur. Instead, the aim was to provide a bound on the impact that increasing the life-
time of the detrained cirrus would have on the tropical high cloud CRE. By modifying
the distribution to represent an increase in lifetime, particularly in a way that may im-
pact the longer lived detrained cirrus more than the short lived cirrus, we do provide
such an upper bound, since any modification to the shorter lived cirrus would not in-
crease the CRE by as much, as they are already more cooling. In reality, any physical
routes through which a lifetime extension will likely increase the total CRE by less than
the values we provide here. Further work is needed to assess the mechanisms through
which lifetime extensions might occur, and what the range of impacts this may have
on the CRE. For example, the lifetime could change due to a stronger clustering of con-
vective cores (Jones et al., 2024) or increased updrafts via aerosol invigoration (Abbott

and Cronin, 2021). Each of these mechanisms may impact the lifetime in a distinct way
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from the idealised set up in this work. Investigating these mechanisms and the specific
impacts they had on the lifetime would make for an interesting comparison study to
the idealised extension proposed in this chapter, and would be a necessary addition
to put these results into context, as well as developing a stronger constraint on the

potential changes of the CRE.

As well as showing the difference in detrained cirrus CRE due to the origin of the con-
vection, this work shows how extending the lifetime of the detrained cirrus changes
the overall lifetime CRE. In this work, the lifetime is a simple distribution, and extend-
ing the lifetime is merely a case of extending the distribution at the expense of in situ
air parcels. This assumes that every cirrus cloud in the tropics is either detrained or
in situ and these are distinct from each other, i.e. an increase in detrained air parcel
amount should correlate with a decrease in in situ air parcel amount. The purpose of
extending the lifetime isn’t to obtain a concrete value of the CRE for a given lifetime
extension, but instead to indicate the trend in CRE for an increase in lifetime. This
helps to bound estimates of how much the lifetime of a detrained cirrus would need to

change to significantly affect the tropical high cloud CRE.

This work finds that increasing the lifetime of the detrained cirrus increases the overall
high cloud CRE in the tropics, resulting in an overall warming. This is because on
average the detrained cirrus have a larger net CRE than the in situ air parcels. For a 50%
increase in the lifetime, the average CRE of tropical cirrus increases by 0.3 + 0.1Wm 2.
Comparing this to aerosol invigoration studies which have shown lifetime extensions
of detrained cirrus on the order of 30% (Zang et al., 2023), it may be the case that aerosol
invigoration may not have a large impact on the total tropical CRE, however more

work is needed to constrain the lifetime extension from aerosol invigoration, which is

currently highly uncertain.

The average lifetime of detrained cirrus clouds is found to be approximately 36 hours,
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similar to that found by Luo and Rossow (2004). This implies that increasing the av-
erage lifetime of detrained cirrus clouds by 15 hours would increase the overall high
cloud CRE by 0.4 + 0.1 Wm 2. This increase is larger for land-origin convection, which
increases by 1.1 & 0.1 Wm™? for a 15 hour increase in lifetime, and smaller for ocean-

origin convection which increases by 0.2 £ 0.1 Wm—2.

4,5 Conclusion

The lifetime of detrained cirrus clouds from convection plays an important role in de-
termining the overall detrained CRE in the tropics, and this may impact the total high
cloud CRE in the tropics. Small changes in the evolution of these clouds, either driven
by their initial conditions or meteorological environment, have been hypothesised to
produce large responses in the high cloud CRE, making understanding this evolution
essential to constrain both climate forcings and feedbacks. Tracking the evolution of
cirrus clouds throughout the tropics as they move away from convective events and
isolating the high cloud CRE from the background albedo variation caused by low
clouds, this work characterises the lifecycle of the cirrus CRE using satellite observa-
tions. Defining the lifetime of detrained cirrus based on the point along a trajectory
following convection where the high cloud fraction drops below 10% (representing the
time when the detrained cirrus has dissipated), the impact of cirrus formation mech-
anisms on CRE is isolated. By tracking the properties of the initial convection, this
method also allows the impact of the initial convection on the CRE to be investigated.
The tracking approach used in this work differs from previous studies, such as Jones
et al. (2024), by using ISCCP data with a much longer time record, as well as cover-
ing the entirety of the tropics, without explicitly tracking individual clouds at all. This
allows for regional variations such as the land ocean contrast to be thoroughly investi-

gated.
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Most detrained air parcels remain in the central tropical belt, close to active convection,
while in situ air parcels exist throughout the tropics (Figures 4.1b,e). The high cloud
CRE of the detrained cirrus air parcels is found to be considerably more warming than
the CRE of in situ air parcels (Figure 4.7). The high cloud radiative effect is calculated
by subtracting the variability in the background albedo due to changes in low clouds
from the overall CRE (Figure 4.2). Calculating the total high cloud CRE as the weighted
mean CRE along trajectories from deep convection gives a total high cloud topical CRE

as 5.0 + 0.4 Wm2.

Air parcels along trajectories from oceanic convection are compared to those from de-
trained convection (Figures 4.1c,f). Air from land convection exists over large regions
of the oceans, and air from oceanic convection often exists over land. The high cloud

CRE along trajectories from land-origin convection is 7.7 + 0.6 Wm ™2

, compared to
4.4+ 04 Wm~™? for cirrus along trajectories from ocean-origin convection. Strong dif-
ferences in the timing of the initial convection over land and ocean (Figure 4.4) lead to
these differences in the net CRE of detrained cirrus clouds as a function of TSC. De-
trained cirrus clouds from land are found to have a net warming across their entire
lifetime, as land convection occurs much later in the day than oceanic convection (Fig-
ure 4.4). This reduces the SW cooling from the thick anvils at low TSC values compared
to oceanic convection, which detrained from convection much earlier in the day when
the SW cooling is still significant. This is similar to the results of Jones et al. (2024),

who showed the importance of the diurnal cycle in determining the lifetime CRE of

detrained cirrus clouds.

The lifetime of detrained cirrus is also shown to be a strong function of the timing and
location of the initial convection. Figure 4.5 shows the distribution of the lifetimes for
ocean-origin and land-origin detrained cirrus, showing that on average, ocean origin

detrained cirrus persist for longer than their land-origin counterparts. It is hypothe-
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sised that much of this is due to the difference in the diurnal cycle of land and ocean
convection, with land-origin cirrus occurring later in the night, leading to faster de-
caying cirrus (Gasparini et al., 2022; Sokol and Hartmann, 2020). Figure 4.6 supports
this theory, showing that detrained cirrus originating from convection occurring later
in the day have, on average, shorter lifetimes than convection that occurs earlier in the
day. More work needs to be done to investigate this further, and control for other con-
founding factors that may impact detrained lifetime such as the initial strength of the

convection.

The lifetime of detrained cirrus clouds is artificially increased by stretching the distri-
bution of the detrained cirrus air parcels at the expense of the in situ air parcels (Figure
4.9). These extended distributions are then used as the weights when calculating the
total cirrus CRE in the tropics. It is found that increasing the lifetime of the detrained
cirrus clouds increases the total CRE in the tropics almost linearly. For example, a
50% increase in the detrained cirrus lifetime, from an average of 36 hours to 54 hours,

increases the total tropical CRE from 4.4 + 0.4 Wm ™2 to 4.8 + 0.4 Wm ™2 (Figure 4.10).

The impacts of lifetime extension of detrained cirrus air parcels is calculated for both
land-origin and ocean-origin cirrus. Increasing the land-origin detrained cirrus life-
time by 50% increases the total land-origin CRE in the tropics by 1.1 + 0.1 Wm™2. On
the other hand, increasing the ocean-origin detrained cirrus lifetime by 50% increases
the total ocean-origin CRE in the tropics by only 0.2 4= 0.1 Wm™2. These contrasts arise
because of the differences in the CRE of land-origin and ocean-origin detrained cirrus
in the early stages of their development. Ocean-origin detrained cirrus have a nega-
tive (cooling) CRE at low TSC, therefore any increase in the lifetime of the detrained
cirrus also increases the time spent cooling, thus dampening the warming impact they
may also have at longer TSC. Land-origin detrained cirrus are warming at all stages of

their development, therefore any increase in their lifetime will amplify their warming
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impact (see Figure 4.8).

While this chapter shows the potential for cirrus lifetime changes to modify high cloud
CRE in the tropics, further work is required to constrain these changes in detrained
cirrus lifetime. Building on this estimate of how the radiative effect of these clouds
responds to lifetime extensions, the impact of meteorological or anthropogenic drivers
(such as aerosol invigoration) on the lifetime of anvil cirrus, and therefore the overall
tropical cirrus CRE must be bounded to fully constrain the magnitude of this effect. In
the final chapter, the impact that the initial strength of convection has on the radiative

properties of the detrained cirrus is investigated.



Chapter 5

. Sensitivity of the detrained cirrus CRE

to AOD at convection

Chapter Summary /

e It is found that stronger convection leads to warmer detrained cirrus. This
is true for both land and ocean, however the relationship is much stronger

over land.

e This relationship is due, once again, to the timing of convection playing an
important role in determining the lifetime CRE. Stronger convection occurs
at times, more often during the night, more conducive to warming over the

entire detrained cirrus lifetime.

e Finally, the sensitivity of the cloud radiative effect (CRE) to cloud top pres-
sure (CTP) is linked to the AOD-CTP relationship to bound an estimate for
the impact of AOD on the detrained cirrus CRE, using a novel non-local

approach.

The figures and text in this chapter are my own work with comments and suggestions from Edward
Gryspeerdt.
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5.1 Introduction

The impact of aerosols on convective strength has been investigated in various ob-
servational studies, often through attempts to observe aerosol invigoration (Andreae
et al., 2004; Koren et al., 2005; Storer et al., 2014). Many studies have found observa-
tional evidence of a relationship between cloud top pressure (CTP) (a suitable and com-
monly used proxy for convective strength (Adler and Negri, 1988)), and AOD (Storer
et al., 2014; Zhang et al., 2022). However, as highlighted by Varble et al. (2023) there
is often great uncertainty in attributing changes in the cloud properties to the aerosols
themselves. This is mostly due to difficulties in observing both AOD and proxies for
convective strength in the same gridbox or at the same time (Stier, 2016). There are also
difficulties in controlling for meteorological factors that may influence any observed

AOD-CTP relationship.

Most recently, Herbert and Stier (2023) investigated the impact that smoke from Ama-
zonian wildfires had on cloud properties and the instantaneous radiative impact on
the top of atmosphere radiative cooling. They found a decrease of up to -50Wm~2 for
an AOD perturbation of +1 and also found that aerosol changed the onset time of deep
convection, by depressing afternoon convection. In a recent modelling study, Herbert
et al. (2021) observed considerable diurnal variability in the cloud response. They also
reported an increase in the IWP across the study domain that generated a positive ra-
diative forcing due to the aerosol. Yu et al. (2007) examined cloud-smoke relationships
in the Amazon using MODIS retrievals over the 2002 and 2003 dry seasons and found
considerable interannual variability in the cloud response. These works highlight the
importance of having longer-term studies to dampen the impact that any single year
has on the findings, and accounting for the diurnal cycle of convection in investigating

AOD-CTP sensitivity.
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Although many studies have attempted to quantify the relationship between AOD-
CTP, few studies have investigated how the convective strength (CTP) impacts the
evolution of the detrained cirrus that flow out of the deep convection (Koren et al.,
2010b). Answering this question would help constrain any impact that aerosol invig-
oration could have on the overall tropical CRE, and assess the importance that any
potential invigoration would have on the overall radiative forcing of deep convection

and anvil cirrus.

It is hypothesised that stronger convection leads to cirrus outflowing at higher alti-
tudes, exposed to greater wind shear, which ultimately leads to outflowing cirrus that
have a large warming than in the non-invigorated cloud (Lindsey and Fromm, 2008;
Koren et al., 2010b). These works indicate that there may be a warming that occurs due
to stronger convection. However, more work needs to be done to investigate how the
evolution of the detrained cirrus is impacted by the initial convective strength and how
this is related to the diurnal cycle of tropical convection. For this, large scale temporal

studies are required.

It is known that convection of differing strengths exhibit very different diurnal cycles
(Chen and Houze Jr, 1997). What is less clear is how this change in strength impacts
the CRE of the detrained cirrus. Gasparini et al. (2022) showed in an idealised simula-
tion that the diurnal cycle of oceanic convection has a significant impact on the lifetime
CRE, with convection that occurs during the night being more warming over the sim-
ulation period than daytime convection. Jones et al. (2024) also showed in a regional
study over Africa that the timing of convection has a large impact on the overall anvil
CRE. However neither of these studies linked the impact of the convective strength,

via the diurnal cycle, to the lifetime CRE of the detrained cirrus.

There are clear unanswered questions regarding how a) aerosols impact the strength

and timing of the convection, and b) how sensitive the lifetime CRE of detrained cirrus
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are to changes in the timing and strength of the initial convection. By calculating both
a sensitivity of CRE to high cloud CTP, and also calculating as sensitivity of high cloud
CTP to AOD, an estimate of the impact that AOD has on the detrained cirrus CRE can
be calculated. This chapter introduces a novel way to attribute local changes in the
high cloud CTP to non-local changes to the detrained cirrus CRE, thereby linking both
sensitivities. This chapter aims to introduce a bound for the change in the detrained
cirrus CRE based on a change in the AOD from pre-industrial to present day, taken
from Bellouin et al. (2020).

5.2 Methods

The sensitivity of the detrained cirrus CRE to the initial CTP (4$E£) of the deep con-

vection can be linked to the sensitivity of high cloud CTP to the AOD (425, in a

similar way to Christensen et al. (2016). This can be used to estimate the change in the
detrained cirrus CRE for a given change in AOD from pre-industrial to present day, by

using the following equation:

dCRE dinCTP
acre < TP gmaop

ACRE = ( ) x AlnAOD (5.1)

However, this equation assumes that the change in the CRE of the detrained cirrus oc-
curs at the same location as the change in the aerosols. Instead, the change in the CRE
of the detrained cirrus occurs at some non-local distance away from the convection,
in ‘detrained” space, and needs to be linked to a local change in the AOD in "convec-
tive” space, which occurs at the location of convection. Therefore, there is a need to

introduce a mapping factor (fg.) that enables the non-local sensitivity of the detrained
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Figure 5.1: Schematic showing how the AOD-CTP sensitivity, which exists in convec-
tive space ¢, can be linked to the CRE-CTP in detrained space d.

cirrus to the deep convection to be combined with a local sensitivity of the deep con-
vection to the AOD. Figure 5.1 shows a schematic of the two sensitivities occurring
at separate locations, linked via the f;.; term. Note how the change in aerosol occurs
at the location of convection in convective space (denoted with a subscript c), which
in turn generates the sensitivity AOD-CTP in convective space. By contrast, the sen-
sitivity of CRE-CTP occurs in the detrained space, denoted by subscript d. It is clear
from this diagram that the AOD at the location of the detrained cirrus is not suitable
for use in the CRE-AQOD sensitivity calculation, as it will have no impact on the deep

convection itself.

Figure 5.2 shows how the f;.; term is calculated. For convection occurring at some
given location in the tropics, the probability map of detrained cirrus occurring from
this convection is given. This f,., term is therefore defined as the probability of finding
detrained cirrus at some location in detrained space d, given convection occurring at

location ¢ in convective space (P(det|conv).q). This, in turn, is calculated as the number
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a) Location of deep convection

Mapping from deep
convection to detrained cirrus

\

[] fget = P(det|conv)
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b) Probability of finding detrained cirrus given a convection event at a)

Figure 5.2: Schematic showing a) convection occurring at some location, and b) the
associated probability of finding convection, given that some convection occurred at

a).

of detrained air parcels at any location that have originated from convection at a given

location, divided by the number of convective events ( ]\],V((ciffg‘)i ) at a given location in

the tropics, where the subscripts ¢ and d denote the convective space and detrained
space. This can then be calculated for every gridbox in the tropics where convection

occurs.

To calculate f;.;, a new flag is introduced into the TSC dataset in order to keep track
of where a given air parcel originated from. When convection occurs, the latitude and
longitude of the convective location are flagged, and these remain with the air par-
cel until it is replaced by new convection (much like how the land ocean flag works).
Across the entire 17 year dataset, a map of the probability of finding detrained cir-
rus from a given location of convection is generated. Figure 5.3 shows an example of
these probability maps, for three 10x10 deg convective regions. This highlights how de-
trained cirrus from convection can travel far from the source of convection. This shows

the importance of considering the non-local radiative impact that changes in the prop-
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Figure 5.3: Heatmap of the probability of finding detrained cirrus which originated
from 10x10°gridboxes between (a) (ON-10N, 60E-70E), (b) (20S-10S, 120E-130E), (c)
(205-10S, 10E-20E). These maps are for the year 2002.

erties of convection could have in regions far from the convection itself, providing this

change in convection translates to some change in the cirrus properties themselves.

Equation 5.1 can then be expanded to include the f,.; (= P(det|conv)) term, and thus
calculated the non-local sensitivity not captured in Equation 5.1. This equation now
maps the AOD-CTP sensitivity in convective space ¢, to the CRE-CTP sensitivity in

convective space d:

dinCTP
dinAOD

dCRE
dCTP

ACRE; = Z [P(deﬂconv)cd x P(conv). x CTP (5.2)

c

X AlnAODC] X

C

The summation over c in Equation 5.2 represents summing over each convective grid-

box in Figure 5.2a, where P(det|conv)., is a map of the probability distribution of de-
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trained cirrus given a convective event from each gridbox (Figure 5.2b). The P(conv)
term also has to be included to account for the fact that convection does not occur at
all times in all gridboxes. The sensitivity of CTP to AOD is for each gridbox in Figure
5.2a. The AlnAOD is estimated by Bellouin et al. (2013).

Note, the sum of the P(det|conv) and P(conv) is simplified as:

P(det|conv)q4P(conv). = ]\];]((cifztg[)ic ]\;\gf:;)}ic _ ]]\\7](523? = P(det)q (5.3)

where N(tot) is the total number of data points for each grid box. This equation sim-
plifies to give P(det).q, which is the probability of finding detrained cirrus in detrained

space, given some convection at a given grid box in convective space.

This means that the final equation becomes:

dinCTP
dinAOD

dCRE
dcTPpP

ACRE; =Y {P(det)cd x CTP (5.4)

c

‘ X AlnAODC] X

With this equation, it is possible to link the change of CRE of detrained cirrus, via the
CTP, to a given change in the AOD at the location of convection. This approach is vital
to link local change at the location of convection to a non-local response in the cirrus

cloud properties away from the initial perturbation.
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5.2.1 Convective strength flag

The convective strength flag bins each convective event according to its cloud-top pres-
sure (CTP), where the CTP serves as a proxy for the convective strength. Much like the
land-ocean flag introduced in the previous chapter, this flag is a property of the air
parcels as they are advected from convection. This allows the evolution of air parcels
from deep convection to be separated and investigated according to the initial CTP of

the deep convection from which they came.

Four CTP bins are used, shown in the table below, with their associated flag value:

Flag label | CTP bin (hPa) | Flag value
Shallow 175 < Pc < 200 1500
Mid-shallow | 150 < Pc < 175 500
Mid-deep | 125 < Pc < 150 -500
Deep 100 < Pc < 125 -1500

Table 5.1: Convective strength bins and associated flag value of each bin.

It is necessary to assign discrete, evenly spaced flag values to the initial convection
because interpolation occurs where pixels diverge as the air parcels advect along tra-
jectories from convection. This means that, much like the land-ocean flag and the TSC
values themselves, the interpolated flag value in a divergent gridbox is the mean of
the surrounding gridboxes. This introduces some uncertainty - for example, if the
gridboxes surrounding a divergent air parcel contain an equal number of shallow (flag
value 1500) and deep air parcels (flag value -1500), the resulting flag value of the di-
vergent grid box will be zero. This will incorrectly represent some mid-shallow or
mid-deep convection. In practice, the likelihood of this happening is low. However,
it does mean that the confidence in the flag value decreases further along trajectories,
such that there is less trust in the flag value accurately representing the origin of the
air parcel. By binning the initial convective strength, rather than assigning the air par-

cel with the actual CTP, the statistical confidence of each pressure level is increased as
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there is more data in each bin, and the impact of uncertainty due to interpolated di-
vergent gridboxes is reduced. In the case of convergence, the flag value that fills the

gridbox is the value associated with lowest TSC that also fills the gridbox.

5.2.2 Sensitivity of detrained cirrus CRE to initial convective CTP

In order to investigate the relationship between the initial convective strength and the
CRE of the detrained cirrus clouds, the sensitivity of CRE to CTP is calculated. The
CRE of detrained cirrus along trajectories from deep convection is calculated in the
same way as in Chapter 4, here for each separate convective strength bin. As in previ-
ous chapters, the lifetime CRE values are calculated as the weighted mean of the CRE
along trajectories. The sensitivity of CRE to CTP is calculated as the slope of the linear
regression of the CRE for each CTP bin. This is calculated for each year from 2000-
2016, excluding 2009. The sensitivity’s final value is the mean of the sensitivity across

the whole study period.

5.2.3 Sensitivity of CTP to AOD

The sensitivity of CTP to AOD is calculated in order to bridge the sensitivity of the
detrained cirrus CRE to the AOD at the location of convection. 17 years (2000-2016) of
MODIS Terra aerosol (Remer et al., 2005) daily level 3 data are used at 1x1° between
30S-30N to retrieve the AOD. The dark-target MODIS AOD retrieval 'Optical Depth

Land and Ocean Mean’ is used.

The CTP is retrieved from the 1x1 degree ISCCP-H (Rossow et al., 2017) cloud product

used in the previous chapters. The native 3-hourly resolution of the ISCCP data is
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converted to a daily mean in order to compare directly to the MODIS AQOD retrieval.
The sensitivity is also defined as the slope of the linear regression between the InCTP
and InAOD in each 1x1 degree gridbox. The sensitivities are calculated seasonally
in order to avoid errors (Grandey et al., 2018), and combined using a standard error

weighted mean.

5.3 Results

5.3.1 Convective strength contrasts

Figure 5.4 shows the probability density of the CTP of convection for the period 1984-
2017, coloured by each convective strength bin in the TSC dataset. The majority of
convection that occurs in the highest two CTP bins (weakest convection), peaking in
the 175-180hPa bin, with the smallest amount in the strongest CTP bin. There is very
little interannual variability in the distribution of CTP across the study period (not

shown).

Figure 5.5 shows the probability density of the regional distribution of detrained cirrus
arising from convection in each of the four convective strength bins. The probability
density maps are normalised such that each map sums to 1. This allows for a direct
comparison between bins that contain different amounts of total detrained cirrus. Pan-
els (a,b,d,e) show the absolute probability density, whilst panels (cf,gh,i) show the

differences between panels, as labeled above each panel).

It is evident from panels (a,b,d,e) that the overall distribution of detrained cirrus is sim-

ilar for each convective strength bin, however there is a clear difference in the land and
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Figure 5.4: Probability density of the cloud top pressure of convection between 1984-
2017. The coloured bins represent the convective strength bins used in the TSC dataset.

ocean distribution between weak convection and strong convection. Panel (i) shows
the difference in the distribution of detrained cirrus between the strongest convection
bin, panel (a), and the weakest convection bin (panel (e)). The detrained cirrus flags
also include the locations of the original convection, therefore these comparisons also
account for differences in the amount of convection in each bin, as well as differences
in the detrained cirrus. Panel (i) shows that the strongest convection and associated cir-
rus occur much more predominantly over central Africa, and southern South America,
and South and South East Asia, including parts of China. In general, stronger con-
vection and detrained cirrus from strong convection, occurs more often over land than
ocean, with most of the shallower convection occurring over the Maritime Continent,

the ITCZ and to a lesser extent over northern South America.

Stronger convection is more likely to occur over land than ocean, as shown in multiple

observational studies (Cecil et al., 2014; Christian et al., 2003; Liu et al., 2007; Taka-
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Figure 5.5: (a,b,d,e) shows the regional probability density of detrained cirrus origi-
nating from each convective strength bin. (c,f,g,h,i) shows the difference between the
probability density for specific convective strength bins. The probability density is nor-
malised such that each map adds up to one, allowing for a direct comparison between
bins that contain different amounts of detrained cirrus.

hashi et al., 2017). There is some suggestion that the land-ocean contrast in convective
strength may be due in part to differences in aerosol concentrations (Fan et al., 2013;

Rosenfeld et al., 2008; Tao et al., 2012).

5.3.2 Diurnal cycle of land and oceanic convection

Figure 5.6 shows the diurnal cycle of convection for the four convective strength bins
of all, land, and ocean-origin convection. The probability density (i.e. the probability
of convection occurring in that hour) is calculated from the mean diurnal cycle be-
tween 1984-2017. Panel (a) shows the diurnal cycle for all origin convection. There is a
significant difference in the diurnal cycle between convection strengths. The weakest
convection peaks in the mid-afternoon, with a significantly smaller peak in the morn-

ing at around 09:00 LST. There is very little convective activity for the weakest con-
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Figure 5.6: The diurnal cycle of convection, binned by convective strength, for a) all
convection, b) land convection, and c) ocean convection. The diurnal cycles are nor-
malised such that they all sum to 1, to allow for direct comparison between different
weighted bins.
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vection during the solar night. As convective strength increases, the afternoon peak
in convective activity decreases and shifts later into the afternoon, and the morning
peak increases in intensity and shifts earlier. There is also significantly less stronger
convection in the middle of the solar day. The strongest convection bin has a markedly
different diurnal cycle than the weaker three bins, with the largest peak in the morning
at around 05:00 LST. This is followed by a minima in the day, a smaller peak in late

afternoon convection, and significantly more nighttime convection.

Panel (b) shows the diurnal cycle for land convection. Here, as shown in Chapter 4,
the diurnal cycle is significantly different from the all convection case. All land convec-
tion, regardless of strength, peaks in the mid-late afternoon. Generally, the weaker con-
vection peaks earlier in the afternoon, with the strongest convection peaking around
17:00LST. The peak is much broader for strong convection, showing that these cases
occur much more variably throughout the afternoon. By contrast, the weakest convec-
tion has a much more concentrated peak in activity. As with panel (a), there is more
weak convection during the day and less during night. However, this contrast is less

pronounced than panel (a).

The diurnal cycle of oceanic convection (Figure 4.4c) looks markedly different to the
land convection, but accounts for much of the pattern seen in the all convection case,
since there is much more oceanic convection than land. As with all convection, weaker
oceanic convection peaks in the afternoon, at 15:00 LST, with a smaller peak in the
morning. As the convection strengthens, the afternoon peak decreases, with the morn-
ing peak shifting further into the morning. Unlike all convection, there is no land
contribution, and as such, the afternoon convective peak disappears for all but the
weakest convection. The strongest convection peaks at 05:00, with very little activ-
ity throughout the solar day. As with the two panels above, over the ocean, there is

stronger convection at night.
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These diurnal cycles are well understood for both oceanic and land convection. Stronger
land convection peaks later in the day since land convection is strongly controlled by
terrestrial heating. It is also well understood that stronger oceanic convection occurs in
the night and early morning, with weaker convection occurring more readily through-

out the day (Yang and Slingo, 2001).

Figure 5.7 shows the modal time of convection for a) all convective strength bins, b)
the weakest and c) the strongest convection strength bins. From panel (a), the land-
ocean diurnal contrast is clear, with land convection peaking in the middle to late af-
ternoon and ocean convection varying more but generally occurring throughout the
night and early morning. There are interesting signals along coastlines, particularly
visible around the Maritime Continent and the Bay of Bengal, which show oceanic con-
vection occurring later in the morning. This is indicative of offshore breezes leading to
deep convective initiation in the morning (Wapler and Lane, 2012). In general, oceanic
convection appears to occur earlier in the day in the eastern Pacific and in the southern

Indian Ocean than in the Maritime Continent. Perhaps again due to interactions with

land.

The weakest oceanic convection generally occurs much later in the day than the strongest
convection, with weak convection occurring around solar noon, and the strongest con-
vection occurring in the night and early morning, as shown in Figure 5.6c. The timing
of the weakest oceanic convection is more homogeneous throughout the tropics, with
almost all the convection occurring during the solar day. Panel (c) shows evidence of
sea breezes initiating deep convection around the coastlines. The Bay of Bengal and the
Maritime Continent show convection occurring later into the morning than the more
isolated oceanic convection in the Atlantic, Pacific and Indian Oceans. Over land, the
timing of convection is more uniform across regions, with the stronger convection oc-

curring later in the day than the weakest convection (see Figure 5.6b). These results are
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Figure 5.7: The modal local solar time of convection for a) all convection. b) the weakest
convective strength bin. c) the strongest convective strength bin.

consistent with those found by Yang and Slingo (2001), particularly regarding the pat-
tern of timing in the Bay of Bengal, however Yang and Slingo (2001) did not separate

out the timing of convection by convective strength.

5.3.3 Relationship between convective strength and detrained cirrus

CRE

Figure 5.8 shows the net, SW, and LW CRE of detrained cirrus for each convective
strength bin and land-origin and ocean-origin bin. In all origin cases (Figure 5.8a,d,g)

there is a significant difference in the CRE evolution depending on the initial strength
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Figure 5.8: Net, LW, SW CRE as a function of TSC for all origin (a,b,c), land-origin
(d,e,f), and ocean-origin (g,h,i) detrained cirrus in each convective strength bin. Note
the TSC is only up to 30 hours, as this is where the majority of the difference in the CRE

occurs.
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of the convection. There is also a significant difference in the CRE at TSC-0, i.e. the

CRE of the deep convection itself.

The CRE at TSC-0 increases with convective strength for all, land, and oceanic convec-
tion. The differences in net CRE are caused overwhelmingly by differences in the SW
CRE (Figure 5.8¢,f,i), where stronger convection has a smaller SW CRE. This is due to
the timing of the initial convection, as shown in Figure 5.6, where the stronger convec-
tion occurs during periods when the incoming solar radiation is lower, thus reducing
the SW cooling. Over land, this is a shift later (Figure 5.6b). Over ocean, this is a shift
earlier in the morning, before sunrise (Figure 5.6c). The LW CRE at TSC-0 also fol-
lows a similar pattern. In this case the stronger convection has a greater LW CRE. This

difference is around half the difference in the SW CRE.

Considering first the land-origin evolution (panels d,e,f), the evolution of the detrained
cirrus heavily depends on the initial strength of convection, with detrained cirrus from
strong convection exhibiting a stronger diurnal cycle in the CRE than cirrus from
weaker convection. Detrained cirrus from stronger convection initially has a much
larger net CRE due to a less negative SW, given that it is much more likely to occur
later in the day than weaker convection, thus minimising any SW cooling. By con-
trast, detrained cirrus from weak convection occurs more uniformly throughout the
day (although still peaking in the afternoon, as shown in Figure 5.6a. This minimises
any initial warming and reduces the appearance of the diurnal cycle on the subsequent
CRE evolution. At 10 hours from convection, the detrained cirrus from strong convec-
tion cools more than from weaker convection due to a stronger SW cooling (Figure
5.8a,c). By 25 hours, the detrained cirrus from strong convection is more warming than
cirrus from weak convection. These differences are almost entirely due to changes in
the timing of initial convection. There is little difference in the detrained cirrus LW

CRE evolution between convective strength bins.
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As previously mentioned, the ocean-origin evolution (panels g,h,i) accounts for much
of the pattern in the all-origin since most convection occurs over the ocean. The ocean-
origin CRE evolution is slightly more complex than land-origin, where the diurnal
cycle only peaks once in the afternoon. As was the case for the land-origin, the evolu-
tion of the net CRE is modulated mostly by changes in the SW CRE, which in turn is
determined by the timing of the initial convection. The detrained cirrus from weaker
convection shows a more typical CRE evolution, as shown in Figure 3.10 in Chapter
2. That is, an initial cooling from thicker anvils before a combination of cirrus thin-
ning and reduction in the incoming SW solar radiation causes the net CRE to become
positive. Figure 5.6c showed that weaker oceanic convection also occurs uniformly
throughout the day, meaning that the evolution of the CRE follows a predictable pat-

tern of cooling to warming.

The stronger ocean-origin detrained cirrus CRE evolution follows a different pattern.
Beginning with a close to zero net CRE, it initially warms before cooling to a minimum
at 10 hours from convection. After this point, it begins to steadily warm to a maximum
at 20 hours from convection, warming more than weaker convection. This change in
evolution can also be attributed to contrasts in the diurnal cycle, shown in Figure 5.6c.
The stronger convection shifts to peaking in the early morning, at 05:00LST, just before
sunrise for most of the tropics. This means that the initial convection has a decreased
SW cooling during its early evolution; however, it becomes more cooling 5-10 hours
from convection when the incoming solar radiation, and thus SW CRE, begins to peak.
The stronger convection CRE evolution is essentially out of phase with the weaker
convection due to the shift in when the initial convection occurs. These differences,
when combined with the natural thinning of the detrained cirrus over the same period,
and the changes in decay times due to radiative cooling at night (Gasparini et al., 2022),
magnify to give very a different characteristic CRE evolution for strong versus weak

initial convection.
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Figure 5.9: LW and SW lifetime detrained cirrus CRE binned by local solar time of
convective initiation.

The net CRE is highly sensitive to the initial convective strength in all cases. This
sensitivity comes mostly from changes in the SW but also differences in the LW. The
SW sensitivity is mostly due to changes in the diurnal cycle of convection of different
strengths. The changes in the LW are less dependent on the diurnal cycle, shown by
the fact that the LW evolution is very similar for land and ocean-origin cases, where

the convection has a different diurnal cycle.

Figure 5.9 shows the mean lifetime SW and LW CRE for detrained cirrus from con-
vection according to the local solar time of convective initiation. This figure, which is
an adaptation of a figure from Gasparini et al. (2022), reinforces the argument made
above, that the timing of the initial convection strongly impacts the CRE of detrained
cirrus. Convection that occurs in the early morning, between 6am and 12pm, generates

detrained cirrus with the largest cooling effect. If convection occurs later in the day, the
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SW cooling decreases significantly, leading to a net warming CRE. Convection that oc-
curs between 6pm and midnight leads to detrained cirrus with the largest warming.
All convection that occurs after midday leads to detrained cirrus having a net warming

effect over their entire lifetime.

The LW CRE also varies with the timing of convective initiation, however this varia-
tion is much smaller than the SW variation. This LW CRE pattern is due to contrasting
diurnal cycles of convection of different strengths as shown in Figure 5.6. Stronger
convection occurs more often during the night than weaker convection. This leads to
higher altitude deep convection and detrained cirrus outflowing at higher altitudes.
This causes an increase in the LW warming due to colder cloud tops. This explains
why convection that occurs between 9pm and 6am typically has a larger LW warming.
Although not shown, Figure 5.9 looks approximately similar for both land-origin and
ocean-origin convection, however there are differences in the LW CRE, due to differ-
ences in the diurnal cycle contrasts between strong and weak convection over ocean

and land, as shown in Figures 5.6b and c).

As shown in Chapter 4, the contrast in the land-ocean diurnal cycle is responsible for
large differences in the cloud radiative effect of land-origin and ocean-origin detrained
cirrus, particularly in the early stages of their evolution. Given the significant differ-
ences in the diurnal cycle of convection of different strengths, even within land-ocean
convective bins, the strength of the initial convection is shown here to greatly impact

the evolution and lifetime CRE of detrained cirrus.
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Figure 5.10: Sensitivity of detrained cirrus net CRE to deep convective CTP for a) all
origin, b) land-origin, and c) ocean-origin. As above for d,e,f) LW CRE and g,h,i) SW
CRE.
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5.3.4 Sensitivity of CRE to initial CTP

To understand the impact that convective strength has on the lifetime CRE of detrained
cirrus, Figure 5.10 shows the lifetime net, LW and SW CRE for each convective strength
bin, for all, land, and ocean-origin. The linear regression shows the relationship be-
tween the CRE and CTP. The sensitivity for the all-origin case is -0.17Wm~2hPa~'. The
sensitivity is higher, with a value of -0.24Wm™~*hPa*, for land-origin detrained cirrus.
The sensitivity is -0.10Wm?hPa " for ocean-origin detrained cirrus. It should be noted
that, whilst there is a good linear fit to the sensitivity for the all and land case, the fit is
less robust for the ocean case, suggesting that the relationship between CRE and CTP
is weaker for oceanic convection. This weakness in the relationship comes from large

interannual variability in the SW CRE of the strongest oceanic detrained cirrus.

Figure 5.10d,e,f show the LW CRE binned by convective strength for all, land, and
ocean-origin detrained cirrus. There is very little difference in the sensitivity between
cirrus of land or ocean-origin. This supports the above results that the LW forcing is
less sensitive to the timing of convection and the different diurnal cycles of land and
ocean convection and is more a function of the strength of the initial convection, as
shown in Figure 5.9. Comparing the strongest and weakest convection bins, there is a

clear decrease in the LW CRE across the whole lifetime of the detrained cirrus.

Figure 5.10g,h,i shows the SW CRE binned by convective strength for all, land, and
ocean-origin detrained cirrus. Unlike the LW, the SW CRE is very sensitive to the
diurnal cycle of convection, and thus, the magnitude of the lifetime CREs are very
different for land and ocean-origin detrained cirrus. The land-origin SW CREs are
much less negative for all convective strength bins. Interestingly, the shape of the non-
linearity between land and ocean-origin sensitivities is different, with the least cooling

land bin being 120-150hPa and the least cooling ocean bin being 150-175hPa. This is
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due to the contrasting diurnal cycles of convection of different strength for land and

ocean, as shown in Figure 5.6b and c).

For land-origin cirrus, the SW sensitivity is straightforward; stronger convection oc-
curs later in the afternoon, and slightly more readily throughout the night, thus reduc-
ing the opportunity for SW cooling in the early stages of detrained cirrus evolution.
This means that detrained cirrus from stronger convection is typically more warming
over the entire lifetime, as the detrained cirrus will have sufficiently dissipated by the
next day. The strongest bin is slightly more cooling than the middle two bins (although
still within the uncertainty range of each other). This is because the strongest land bin
contains more convection which occurs between 3am and 6am (see Figure 5.6b), there-
fore there will be more thick, young anvils persisting into the day and cooling than for
the weaker bins which have less very early morning convection (Figure 5.9). This is
also clear from Figure 5.8f), which shows that the strongest convective bin cools most
from around 10 hours from convection, even though it is the most warming during the
initial hours of convection. This highlights just how complex the evolution is and the

impact that this has when summed to give the lifetime SW CRE values.

For ocean-origin cirrus, the relationship is even more complicated. As shown in Fig-
ure 5.6¢, the change in diurnal cycle for increasing convective strength is more stark.
Stronger convection shifts to the early morning before sunrise (Figure 5.7c), which
maximises the SW cooling later in the evolution of the detrained cirrus, when the de-
trained cirrus will still be optically thick enough to have a large cooling effect. This is
clearly shown in Figure 5.9, which shows early morning convection having the largest
SW cooling. However, stronger convection also occurs more often at night, meaning
that some detrained cirrus from oceanic convection will have a significant warming
in the early stages of their evolution. Figure 5.10i shows this impact in the SW CRE

sensitivity to the CTP. The strongest convective bin is the most cooling in the SW, due
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to the convection occurring just before sunrise. In all cases, the SW cooling over the
ocean is greater, likely due to the timing and the difference in albedo between ocean

and land.

The SW and LW CRE for land and ocean-origin detrained cirrus (Figure 5.10e,f and
5.10h,i) sum together to give the sensitivities shown in panels b and c. For the ocean
case, the SW and LW are almost mirrored, with a small offset such that the net CRE
is positive for all convective bins. Stronger oceanic convection leads to a larger LW
cirrus warming, likely due to the detrainment height of the cirrus. However, stronger
oceanic convection also leads to a larger SW cooling due to the timing of the stronger
convection relative to the weaker convection. This is also highlighted clearly in Figure
5.9. The difference in the SW and LW is not the same for each convection bin, leading

to the small overall sensitivity seen in Figure 5.10c.

For land-origin cirrus the SW and LW are not mirrored in the same way as the ocean-
origin cirrus. For these cirrus the SW and LW CRE add in such a way to increase the
sensitivity of CRE to CTP. The absolute magnitude of the net CRE is also much larger
due to a smaller absolute SW cooling (again, due to a combination of the timing of
convection and the impact of surface albedo on the CRE, see Figure 4.8 in Chapter 4).
Interestingly, the two different non-linear sensitivities in the SW and LW CRE sum give

a robust relationship between CRE and CTP for land-origin cirrus.

There is much lower interannual variability in the LW CRE than the SW CRE. This is
more evidence for the independence of the LW CRE to the timing of convection. Most
of the interannual variability in the net CRE comes from the SW CRE, which will be

investigated further later in this chapter.

It is clear from Figure 5.10a,b,c that there is a strong relationship, particularly for land-

origin cirrus, between the lifetime CRE and the initial CTP of the convection. In gen-
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eral, stronger initial convection leads to warmer detrained cirrus are over their whole
lifetime. Whilst some of this is down to the timing of the convection, and thus the
response in the SW CRE, there is a positive relationship between the LW CRE and the
initial convective strength. This is true for both land and ocean convection, showing
that when the impact of the diurnal cycle is removed (i.e. the SW CRE contributions),

there is little difference in the LW CRE of the land and ocean detrained cirrus.

5.3.5 Trends in the CRE-CTP sensitivity

Figure 5.11 shows the time series of the CRE-CTP sensitivity between 2000 and 2016 for
all-origin, land-origin, and ocean-origin detrained cirrus. Interestingly, there is signifi-
cant divergence between the trends for land-origin and ocean-origin detrained cirrus.
The land-origin CRE-CTP sensitivity is essentially constant for the entire time series,
ranging between -0.25Wm~2?hPa~! and -0.22Wm~?hPa~'. By contrast, the ocean-origin
CRE-CTP varies signficantly across the time series, from -0.16Wm?hPa~! in 2000, to
almost zero between 2006 and 2010, before decreasing again down to -0.15Wm™~>hPa "
in 2016. This suggest there is some mechanism that provides variability in the CRE-

CTP relationship over ocean that doesn’t exist over land.

As can be seen from the error bars in Figure 5.10c), most of the variability in the CRE-
CTP relationship is driven by variability in the net CRE of the strongest convection
bin, which in turn is driven mostly by variability in the SW CRE. This is shown more
clearly in Figure 5.12 which shows the change in the net, LW, and SW CRE of each CTP

bin across the entire study period, relative to a baseline value of 0 in the year 2000.

Panel (a) shows the net CRE of the land-origin detrained cirrus over the study period

relative to the baseline CRE in 2000. In general, there is a decrease in the net CRE
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Figure 5.11: Timeseries of the CRE-CTP sensitivity for all origin (black), land-origin
(orange line), and ocean-origin (blue) detrained cirrus. The shaded area represents the
uncertainty on the linear fit for each year (Note: excluded 2009 data is interpolated).

for all pressure bins, to a minimum between 2006-2010, before increasing slightly by
2016, where the net CRE is around -3Wm~2 lower than the year 2000. Given that the
difference in the CRE between each pressure bin is relatively constant over the study

period (with the strongest convection bin generally decreasing more than the other

bins), this accounts for the almost constant sensitivity over land shown in Figure 5.12.

Panels ¢ and e show the separate contributions of the LW and SW to the net CRE
over the study period. Over land, there is a similar variability in both LW and SW.
After a sharp drop in 2001, the LW CRE does not vary signficantly over the study
period. The SW CRE decreased slightly to a minimum between 2006 and 2008, with
the strongest convection bin decreasing more than the other 3 bins. In general, there
is little variation in the spread of the strength bins over the study period, keeping the
sensitivity constant. However there is a decrease in absolute CRE values over this

period, driven by both decreases in the LW and decreases in the SW CRE.
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Figure 5.12: Timeseries of the net, LW, SW, CRE for each convective strength bin, for
land-origin and ocean-origin detrained cirrus. Results are normalised to a baseline
where the CRE in 2000=0 (Note: excluded 2009 data is interpolated).
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Panel (b) shows the net CRE of the ocean-origin detrained cirrus over the study period.
Interestingly, the decrease in the net CRE of the 3 weaker convective bins is comparable
to the decrease in the land-origin net CRE shown in panel (a); however, there is a
significantly larger decrease in the strongest convective bin. Between 2006-2010, the
net CRE of the strongest convective bin is almost 12Wm ™2 lower than the baseline year
2000, whereas the weaker 3 bins are between -2Wm~2 and -5Wm~? lower. By 2016, the
strongest bin is about -4Wm™?2 lower than the 2000 baseline, in line with the land-origin
decrease. As with land-origin detrained cirrus, there is a decrease in the net CRE across

all pressure bins of between -1TWm~2 and -4Wm 2 between 2000 and 2016.

This stark difference in the trend in the strongest bin relative to the weaker 3 bins is
driven solely by the changes in the SW CRE, as shown in panel (f). Here, the change
is much like panel (b), with the strongest bin cooling substantially more between 2006
and 2010 than the other bins. On the other hand, panel (d) shows the small variation in
the LW CRE, where a trend is less clear. There are fluctuations in the strongest bin, with
the LW CRE ranging between 2Wm 2 and -1Wm™? relative to the baseline. The weaker
3 bins fluctuate between 0.5Wm 2 to -2Wm 2 relative to the baseline, with much closer

agreement within years.

Overall, the variation in the ocean-origin detrained cirrus CRE-CTP sensitivity seen in
Figure 5.12 is driven almost entirely by the spread in the SW CRE between the strongest

CTP bin and the weaker 3 bins, as shown in Figure 5.11f.

This trend in the SW CRE across the study period is driven by variability in the tim-
ing of the strongest ocean convection, in contrast to fairly stable diurnal cycles for the
weaker bins, and for land-origin detrained cirrus. Figure 5.13 shows the average di-
urnal cycle for the 'small SW CRE’ years, that is the years 2005-2011, where there is a
minima in the SW CRE for the strongest oceanic convection, and all other years. Panel

(a) compares the diurnal cycle of the strongest oceanic convection for both of these



505

510

515

520

525

530

144 5. Sensitivity of the detrained cirrus CRE to AOD at convection

groups of years. It is clear that during the 2005-2011 low SW CRE minima, there is
greater probability of the strongest oceanic convection occurring during the solar day,
and a lower probability of it occurring at during the night, compared to the other years.
This would explain the variation in the SW CRE, with the strongest detrained cirrus
cooling more throughout it’s lifetime, as it spends more of its evolution in the solar
day. By contrast, Figure 5.13b shows the same plot as Figure 5.13a but for the weakest
convective bin. Here, there is very little difference in the diurnal cycle between the
two groups. This explains why there is little variation in the SW CRE of the weakest

convective bin in Figure 5.12f).

Panel (c) shows the same as (a) but for land-origin convection. There is a smaller dif-
ference here between the two year groups, with the 2005-2011 diurnal cycle exhibit-
ing a slightly greater probability of the strongest convection occurring during the day,
and a slightly lower probability at night. This smaller contrast is reflected in panel
(e) which shows a slight decrease in the SW CRE of the strongest convective bin, but
much smaller than that of the strongest ocean convection. Again, panel (d) shows
that in the weakest convective strength bin there is little difference in the diurnal cycle
between the years, and as such little change in the SW CRE across the study period
(Figure 5.12e). These results also show how important the timing of convection is to
determining the lifetime CRE of the detrained cirrus. However, the question still re-
mains as to why this change in the diurnal cycle of convection is seen over the study
period, and why this change manifests almost exclusively for the strongest oceanic
convection? It is interesting that this change occurs at a similar time to the ‘global
warming hiatus” (Medhaug et al., 2017) that occurred between 1998-2016. This was
a period of relatively slow or no global warming as defined by a plateau in surface
and tropospheric temperatures, upper ocean heat content, and sea surface tempera-
tures (Easterling and Wehner, 2009; Meehl et al., 2011; Katsman and van Oldenborgh,

2011). The mechanisms that are thought to have contributed to the global warming
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Figure 5.13: Diurnal cycle for low SW CRE years (2005-2011), and all other years. a)
Strongest oceanic convection bin. b) Weakest oceanic convection bin. c) Strongest land
convection bin. d) Weakest land convection bin

hiatus (hereafter GWH) are varied, from natural atmospheric variability (Kosaka and
Xie, 2013), a reduction in radiative forcing due to stratospheric aerosol (Solomon et al.,
2010), or related to the solar minimum in 2009 (Kaufmann et al., 2011). One source
of natural variability that occurred during the GWH is a cooling of the eastern tropi-
cal Pacific relative to warmer periods after, characterised by a strongly negative PDO

(Pacific Decadal Oscillation).

Given that the reduction in the net CRE is most pronounced in the strongest convective
bin over the ocean and that it is driven exclusively by a reduction in the SW CRE, this

points to changes in ocean characteristics impacting the development, and in particular
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Figure 5.14: Difference in the mean normalised probability density of deep convection
for 2005-2011 and the outer years of the study period. The distributions are normalised
such that for each period the maps sum to one to account for the fact that there is a
varying amount of absolute convection between the periods.

the timing or distribution, of the strongest oceanic convection. Figure 5.14 shows the
difference in average distribution of the strongest convection between the 2005-2011
period and the period outside that. There is a significant increase in the probability
of convection occurring over the Bay of Bengal and around Central America, and a
decrease in the amount of convection occurring in the western Pacific. Recalling Fig-
ure 5.7c), convection over the Bay of Bengal and Central America occurs during the
late morning, and the western Pacific convection occurs more often during the night.
This shift in the distribution, and therefore timing, of the strongest difference explains
the difference in the mean diurnal cycle from Figure 5.13a, which in turn explains the
increase in the shortwave cooling during the 2005-2011 period, and the change in the

CRE-CTP sensitivity.

More work is needed to investigate if the mechanisms associated with the GWH, in
particular the strong negative PDO, have impacted the distribution of strong oceanic
deep convection and how this impacts the CRE of the detrained cirrus. This future
work would provide important constraints on the sensitivity of the detrained cirrus
CRE to large-scale atmospheric variability and provide further evidence that the tim-

ing and distribution of convection plays a particularly important role in determining
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the lifetime CRE of detrained cirrus. If the timing of strong deep convection, and thus
lifetime CRE of detrained cirrus, is particularly sensitive to changes in ocean proper-

ties, this could have significant implications in a warming climate.

5.3.6 Sensitivity of CTP to AOD

The previous section of this chapter showed how the sensitivity of the CRE to CTP
varies throughout the study period, and how the CRE-CTP relationship is sensitive
to the timing of the convection, in particular to the strong oceanic convection. In this
section, the average CRE-CTP sensitivity is used in an attempt to link a change in the

CRE to a change in AOD, moderated through changes in the CTP.

Much like previous studies mentioned in the introduction of this chapter, a strong
sensitivity is found between the CTP and the AOD for much of the globe. Figure 5.15a
shows the sensitivity between the InCTP and the AOD. There is a mostly negative
relationship, particularly over the ocean, between the CTP and AOD, suggesting a
decrease in the CTP (higher cloud tops) for an increasing AOD. This is strongest over
oceanic regions of convection in the Maritime Continent and along the ITCZ. There
is a positive relationship for some coastal regions, and notably off the west coast of
Africa and around India and the Bay of Bengal. These results contrast to Gryspeerdt
et al. (2014) who found stronger negative correlations between the MODIS CTP and
AQOD, with no positive regions. These differences are due to the differences in the CTP
between ISCCP and MODIS, including the the fact that the ISCCP values are daily
means and the MODIS values are instantaneous. However, they broadly agree on

where the strongest negative sensitivity occurs.

The sensitivity of cloud top pressure of optically thick high clouds to the AOD is shown



5. Sensitivity of the detrained cirrus CRE to AOD at convection

=

o
o
dinCTP
dinAOD

o
o
dInCTP,,,-gh
dinAOD

fJ

N

o
ACRE | Wm™2

|
N

N

o

.

o
ACRE | Wm™2

Figure 5.15: a) Sensitivity of the log of the cloud top pressure CTP to the log of the
aerosol optical depth AOD. b) Same as a) for high cloud. c) A given change in the
log of the AOD according to Bellouin et al. (2020). d) The f4.; term, described in the
methods section, which maps the dCRE/dCTP sensitivity to the detrained space. e)
The change in the CRE for a given change in the AOD. f) Same as e) but for high cloud.
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in Figure 5.15b. As in previous chapters the high clouds are isolated using only the
thickest optical thickness bin and the top three cloud top height bins from the ISCCP
7-pc joint histograms. The sensitivity of the high CTP to AOD is much smaller than
that of all CTP, naturally this is is the case due to the smaller range of high cloud top
pressures. The sensitivity of the high CTP is more uniform than the all CTP across the
tropics, indicating that high clouds have a similar sensitivity wherever they occur in
the tropics. Contrast this to the sensitivity of the all cloud CTP, where the response
varies depending on the cloud distribution. Interestingly, the one region where the
sensitivity of high thick clouds is more negative than the sensitivity of all clouds is over
South America, and a small region of central Africa. This indicate a strong negative

relationship between the high cloud top pressure and the AOD in these regions.

Isolating the high cloud sensitivity from the all-cloud removes large regions of posi-
tive sensitivities, particularly over the Bay of Bengal, the Andes, and the west African
Atlantic coast. These positive sensitivities are potentially due to retrieval errors where
high MODIS AOD values are characterized as clouds in the ISCCP dataset. There
are still some regions with a positive AOD-CTP relationship in Figure 5.15b, namely
around the Sahara, throughout central Africa, and the coastal region around the Ara-
bian Peninsula. These are likely due to a combination of noise (low number of high

cloud retrievals), and a large AOD concentration causes the bias mentioned above.

The high cloud sensitivity has more noise due to the difficulty in colocating AOD re-
trievals and high CTP clouds, even when using daily mean values and the interpo-
lated MODIS AOD product, regions of high thick clouds and retrieved aerosol optical
depths. These results must be considered carefully, given that the influence of a re-
trieval bias towards less optically thick high clouds will be more impactful than on the

all-cloud sensitivity due the smaller sample size.
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5.3.7 Constraining changes in the detrained cirrus CRE with aerosol

Figure 5.15c shows the estimated change in the InAOD from pre-industrial to present
day from Bellouin et al. (2013). The largest increases in the AOD occur over China, in
the Maritime Continent, off the west coast of central Africa, and along the west coast
of Central America. Generally, the regions of large increases in the AOD collocate
with regions of high CRE to AOD sensitivity, this is particularly true for the Maritime

Continent.

By combining the above figures using Equation 5.4, an estimate for the change in the
detrained cirrus CRE between pre-industrial and present AOD amounts is calculated
and shown in panel (e) using the all cloud CTP sensitivity, panel (a), and panel (f)
for the high cloud CTP sensitivity (panel (b)). The mean tropical ACRE is 0.44 + 0.12
Wm™? using the all cloud CTP sensitivity and 0.15 & 0.07 Wm™? using only the high
cloud CTP sensitivity. In both the all cloud and high cloud sensitivity (panel (e) and
(f)), the largest sensitivities occur over the Maritime Continent. The ACRE is largest
over this region due to it being the most likely place to find detrained cirrus, combined
with a large increase in the AOD (Figure 5.15¢) in this region and a large negative AOD-
CTP sensitivity (Figures 5.15a and b). There is a large sensitivity over the Amazon in
both the all cloud and high cloud cases compared to central Africa. These contrasts
are also due to a larger negative sensitivity of high CTP to AOD, reinforcing studies
that have shown some evidence of potential aerosol invigoration over the Amazon

(Andreae et al., 2004; Herbert and Stier, 2023).

As shown in Figure 5.10, there is a significant difference in the sensitivity of CRE to
CTP for land-origin and ocean-origin detrained cirrus. It is therefore sensible to also
calculate the change in the CRE for land and ocean-origin cirrus separately, using the

two different sensitivities given in Figure 5.10.
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Figure 5.16: The change in the CRE for a given aerosol change, as for Figure 5.15¢)
and f), but using the separate land and ocean CRE-CTP sensitivity values from Figure
5.10b) and c). Note the scale on panel (b) is half that of panel (a).

Figures 5.16a,b show the same as Figures 5.15e,f, but using separate sensitivities over
land and ocean. Using these sensitivities, -0.25Wm~2?hPa~"! for land-origin detrained
cirrus and -0.10Wm?hPa~! for ocean-origin detrained cirrus, rather than the all-origin
sensitivity (-0.17Wm~>hPa™'), the change in the CRE given a change in aerosol is found
to be smaller. Using the all cloud AOD-CTP sensitivity the tropical ACRE is 0.25 4 0.08
Wm~?, whereas the high cloud AOD-CTP gives a tropical ACRE of 0.09 + 0.08 Wm 2.

This is a reduction of 44% and 40% respectively.

The reduction in ACRE is driven by the reduction in the sensitivity of CRE-CTP over
ocean, in particular over the Maritime Continent, where the majority of the convection
occurs. By contrast, the CRE over land is higher due to the larger land-origin sensitiv-
ity compared to the global mean. This means that the mean contribution to the tropical
CRE is similar for both ocean and land compared to in Figures 5.15¢ f. These plots, and
this chapter more generally, highlight the importance of considering land-ocean con-
vection separately, given their contrasting properties sensitivities to changes in both

CTP and AOD.
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5.4 Discussion

This chapter has shown that the lifetime CRE of detrained cirrus is heavily dependent
on the initial strength of the convection from which it originated. There are strong re-
gional differences in where the differing strength convection occurs, with large land
versus ocean contrasts. The differences in the lifetime CRE of detrained cirrus origi-
nating from convection of varying strength are predominantly driven by changes in
the SW CRE, which in turn is driven by the timing of the initial convection. This CRE-
CTP sensitivity is then combined with a calculated all-cloud and high-cloud AOD-CTP
sensitivity to derive a a value for the change in CRE for a change in AOD from pre-
industrial to present day. These two sensitivities are combined in a novel equation that
links the local change in the properties of the convection (AOD-CTP sensitivity), to the
non-local change in the detrained cirrus induced by a change in the properties of the
convection (CRE-CTP sensitivity). Whilst this chapter arrives at a value for the change
in the CRE that is within the range already given in the literature (Christensen et al.,

2014), there are uncertainties present that should be addressed.

One source of uncertainty arises when calculating the CRE-CTP sensitivity. The TSC
algorithm works better when fewer distinct convective strength bins exist, given that a
necessary amount of interpolation occurs, and any averaging between bins will change
the flag value. This is why binning is necessary, and each convective event cannot be
assigned its actual cloud top pressure as its flag value. However, having only four bins
means that fitting a straight line and assigning a sensitivity could potentially miss out
on any non-linearity within each bin and over-confidently predict a linear relationship.
This is a necessary trade-off to account for the uncertainty of the interpolation in the
TSC algorithm. There is no clear alternative, within the confines of the TSC algorithm,
to calculating the sensitivity in this way, but it might explain the very high r-values

calculated in Figure 5.10.
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This chapter assumes that the AOD-CTP sensitivity calculated is likely an upper bound
on the true sensitivity. Gryspeerdt et al. (2014) demonstrated that much of the ob-
served AOD-CTP sensitivity can be reconstructed through the CTP-CF-AOD relation-
ship, suggesting that aerosol invigoration may not be the cause. This conclusion ap-
plies to the all-cloud AOD-CTP relationship. In contrast, the same analysis was not
performed for high-cloud AOD-CTP, however there is no reason to suggest that the

same reconstruction would not be possible.

For high-cloud AOD-CTP, there are limitations because it is not always possible to
simultaneously retrieve collocated high optically thick clouds and aerosols. As a result,
the data tends to favour collocating only the thinner high clouds and aerosols, which
may lead to underestimating the observed sensitivity. This, combined with the fact
that the statistics used to calculate the regression for the CRE-CTP sensitivity have
artificially limited variability (only four bins), means that the final retrieved CRE-AOD
sensitivity for all clouds is likely an upper bound, while the sensitivity for high clouds
is likely a lower bound, suggesting that the actual sensitivity falls between these two

values.

The value for the change in the AOD is taken from Bellouin et al. (2013). The present
day AOD can be measured, but the pre-industrial is estimated, leading to some un-
certainty in the change in AOD from pre-industrial to present day. The Bellouin et al.
(2013) estimate of a change between 0.02 and 0.04 is supported by reanalysis and large
scale modelling, however there are of course uncertainties associated with these esti-
mates, and using other estimates would yield different results for our change in high
cloud CRE. For example, the estimate from McCoy et al. (2017) is larger than Bellouin
et al. (2020).

Whilst there are uncertainties with the terms used in Equation 5.4, it still provides a

useful theoretical framework for approaching the problem of reconciling local changes
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in cloud properties to non-local ones, through the mapping f4.; term.

5.5 Conclusion

This chapter has built on the work of the previous two chapters by expanding the TSC
methodology to include a flag that bins by convective strength and tracks this convec-
tive origin, the bins are shown in Figure 5.4. It was found that the regional distribution
of convection varies depending on the strength of convection, with stronger convec-
tion occurring more readily over central Africa and continental Asia than the Maritime

Continent (Figure 5.5).

The diurnal cycle of convection was also found to vary with convective strength, with
distinct variations for land and ocean convection (Figure 5.6). It was found that for
land-origin convection, stronger convection occurred slightly later in the afternoon,
and more readily at night than weaker convection. For ocean, the difference in diur-
nal cycles was larger for convection of different strength, with the strongest convec-
tion occurring in the early morning before sunrise and throughout the night. In con-
trast, weaker oceanic convection occurred more steadily throughout the day. This was
shown clearly in Figure 5.7, which showed the contrast in the peak time of convection

for weak and strong convection.

The impact that the timing of convection had on the radiative evolution of the de-
trained cirrus was also investigated, and it was found that there were very large dif-
ferences in the SW CRE evolution depending on the location and timing of the initial
convection (Figure 5.8c,{,i). In contrast, the LW CRE was shown not to vary as much
with convective strength. This highlights that most of the changes seen in the CRE

of detrained cirrus with convective strength are due to changes in the diurnal cycle
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(Figure 5.9).

These results enabled an investigation into how the convective strength of the deep
convection impacts the lifetime CRE of detrained cirrus clouds (Figure 5.10). This
chapter found significant contrasts in the lifetime CRE of detrained cirrus clouds from
strong versus weak convection, which as previously shown, are driven mostly by
changes in the SW CRE due to the timing of the convection. The CRE-CTP sensitivity
is found to be -0.17Wm~2hPa". This sensitivity is stronger for land-origin convection,

at -0.24Wm?hPa!, than for ocean-origin convection, at -0.10Wm~?hPa".

The sensitivity is almost constant over the study period for land-origin cirrus; however,
it varies significantly for ocean-origin cirrus, ranging between -0.16Wm ?hPa' and -
0.03Wm*hPa! (Figure 5.11). The weak sensitivity period occurs between 2005-2011,
and is driven by a decrease in the SW CRE of cirrus from the strongest convective bin.
It is found that this decrease in the lifetime SW CRE between 2005-2011 is driven by
changes in the diurnal cycle, with stronger convection occurring more readily during
the day and less often at night compared to the rest of the study period (Figure 5.13).
This, in turn, is driven by changes in the distribution of the convection, as shown in
Figure 5.5, with stronger convection occurring more in the Bay of Bengal and the ocean
around Central America (which tends to occur later into the day, and so has a weaker
SW cooling), and less convection occurring in the western Pacific, where convection
usually occurs during the very early morning. These changes may be linked to the
global warming "hiatus’ period, and potentially the strongly negative PDO that oc-
cured during the middle of this period, however much more work is needed to test

this hypothesis.

The CRE-CTP relationship is then linked to a retrieved AOD-CTP sensitivity for both
all cloud CTP and high cloud only CTP (Figure 5.15), in order to calculate an estimate

for a detrained cirrus CRE-AOD relationship. As the detrained cirrus is advected away
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from the location of the original convection, a method is developed to map the non-
local (CRE-CTP) sensitivity to a local (AOD-CTP) sensitivity (schematic of which is
shown in Figure 5.2), where a change in the properties at the source of the deep con-
vection is connected to a change in the properties of cirrus that flow from the deep con-
vection, a novel equation is developed that introduces a mapping term, f;., that links
the two sensitivities. The global change, estimated to be half the tropical change, in
the detrained cirrus lifetime CRE due to aerosol changes from pre-industrial to present

day is found to be between +0.3 Wm~2 to 0.0 Wm™2.

This chapter has shown that the detrained cirrus lifetime CRE is very sensitive to the
strength of convection. This pathway is via changes in the diurnal cycle for convection
of different strength, impacting the SW CRE evolution of detrained cirrus, which thus
impacts the lifetime CRE. There are smaller changes in the LW CRE due to the altitude
at which the detrained cirrus flow out. However, more work is needed to investigate
the LW response. This chapter builds on work in the previous chapter to show the
importance that the timing of the initial convection has in determining the CRE of the
detrained cirrus, and the impact that a change in the distribution of convection has
on this response. This chapter has also introduced a novel attempt at reconciling local
sensitivities to non-local sensitivities and therefore been able to bound estimates of the
sensitivity of detrained cirrus lifetime CRE to the aerosol concentration at the location
of the initial convection. Further applications of this novel approach will be discussed

in the thesis conclusion.
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Chapter 6

Conclusion

Tropical deep convection plays a vital role in modulating the energy balance of the at-
mosphere, transporting large amounts of water and energy out of the tropics to higher
latitudes. Regions in areas of active tropical convection have a net CRE close to zero.
This net CRE is the sum of a large SW cooling from optically thick deep convective
cores and their anvils and a large LW warming from ubiquitous thin cirrus arising out
of deep convection that cover large areas of the tropics. It follows, therefore, that any
small percentage change in the LW or SW components of deep convection or detrained
cirrus in the tropics, be this due to changes in microphysical or spatiotemporal prop-
erties of these clouds, could have potentially very large impacts of the net CRE of the

tropics.

The processes that govern the properties of deep convection and the evolution of de-
trained cirrus are not well constrained, leading to poor representation and develop-
ment of deep convection and tropical cirrus in our current climate models. This is
particularly true when it comes to the distribution of convection and the timing of its

initiation. The impact that the timing and distribution of deep convection has on the
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radiative evolution of detrained cirrus is also poorly understood. This thesis has im-
proved our understanding of how sensitive detrained cirrus are to initial conditions
and timing of deep convection, and as such highlighted the importance of improving

model representation of deep convection.

The interaction between aerosols and deep convection is also poorly understood and
notoriously difficult to observe. In particular, there is much uncertainty regarding the
impact that aerosols have on the cloud radiative effect of deep convection and de-
trained cirrus. This is due to the difficulty posed when attempting to simultaneously
observe aerosols and deep convection, or other cloud properties such as CCN, in satel-
lite data (Koren et al., 2005; Stier, 2016; Veals et al., 2022), and the difficulty of control-
ling for meteorological factors that would allow for robust causal studies (Boucher and
Quaas, 2013). This is so much so the case that recent studies bounding the radiative
forcing from aerosol-cloud interaction do not attempt to include any estimate for the

radiative forcing that arises from aerosol-deep convection interactions (Bellouin et al.,

2020).

Previous work investigating the impact of aerosols on deep convection have also of-
ten been regionally limited, and have relied on proxies for aerosol concentration where
retrievals of aerosols are not available at the locations of deep convection. More impor-
tantly, they have also often limited their studies to the impact that aerosols may have
on the deep convection, and not the subsequent detrained cirrus clouds that evolve
out of them. It is clear that, whilst the impact that aerosols have on the deep con-
vection is important, the entire lifecycle of the deep convective system must be con-
sidered to understand the full impact that aerosols may have on the radiative effect
of deep convective cores and detrained cirrus clouds. This thesis helps tackle this is-
sue by introducing a novel methodology that links the local change in the properties of

deep convection that is correlated to aerosol concentration, to the non-local impact that
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these changes have on the radiative impact of detrained cirrus clouds. This non-local
approach, combined with the novel tracking methodology introduced in this thesis,
has applications, beyond just deep convection studies, which will be discussed in the

future work section of this chapter.

6.1 Conclusion

Chapter 3 of this thesis introduced the novel "time since convection” tracking method-
ology used to investigate the evolution of air parcels flowing from deep convection.
As mentioned above, this method improved on previous studies that track individual
convective events. By tracking all air parcels from all convective events identified in
the geostationary data, whilst remaining computationally efficient, this allowed for a
composite study into the evolution of detrained cirrus clouds from all tropical convec-

tion that was unbiased in space and time.

The deep convective cores were identified in 1x1 degree ISCCP-H data at a 3 hourly res-
olution. The convective cores were identified using a nearest neighbour algorithm that
sorted each pixel into a different cloud regime. Once convective cores were identified
they were advected forward in time using an ERA5 wind field between 200-300hPa.
At each time step the time since convection (TSC) value was increased by one hour at
all locations in the tropics. Where convection occurred, the TSC value was reset back

to zero.

The TSC dataset was evaluated against individual HYSPLIT trajectories to assess its
performance. The TSC dataset was accurate, insofar as it matched the trajectories from
HYSPLIT, for the entire lifetime of detrained cirrus clouds. It was also shown that TSC

is independent of latitude. That is to say, for a given TSC bin, the zonally averaged
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cloud amount was the same across all tropical latitudes. For example, the vertically
resolved cloud amount at 6 hours from convection did not look significantly different
at ON as it did at 25N. This was an important results, as it showed that looking at cloud
evolution as a function of TSC wasn’t simply showing the evolution of air parcels as

they moved from the centre of the tropics out to the extra-tropics.

Cloud properties were shown to be a very strong function of TSC, in particular for high
clouds. After a sharp initial decay in the cloud optical thickness and vertically resolved
cloud fraction associated with the dissipated of the deep convective core, changes in
the cloud properties of the detrained cirrus cloud were observed throughout their life-
times. Cloud properties were also shown to change after the detrained cirrus had dissi-
pated, showing changes in the in situ cirrus cloud properties as a function of TSC up to
120 hours after the initial convection had dissipated. Gradual thinning of the detrained
anvil is seen in the vertically resolved cloud amount from DARDAR, as expected from

previous studies on anvil evolution.

The changes in these cloud properties explain the observed evolution of the tropical
high cloud CRE as a function of TSC. After a large initial net cooling from the deep
convective cores and thick anvils, made up of a very large SW cooling and LW warm-
ing, the net high cloud CRE becomes warming, maintaining this warming at all further
TSC values, albeit reducing towards zero as the detrained cirrus thin. This warming ef-
fect is not seen when including low clouds, which exert a continuous large SW cooling
at all TSC values. This highlights the importance of isolating just the high cloud CRE
to obtain a clear picture of the radiative evolution of deep convection and detrained
cirrus in the tropics. At all TSC values, the net CRE is made up of larger SW and
LW values. Understanding the controls on high cloud evolution as a function of TSC
is essential to constrain the processes governing the tropical radiation balance. This

chapter showed the merits of this novel TSC tracking methodology. Previous studies
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which tracked individual convective cores and anvil cirrus often underestimated the
warming across the lifetime, as they stopped tracking when the detrained cirrus op-
tical thickness dropped below a certain value. This meant that many results did not
include very thin cirrus which couldn’t be tracked in traditional methods, which have

a large impact on the overall tropical CRE.

After introducing the novel TSC methodology in Chapter 3 and evaluating its methods,
Chapter 4 further advanced the methodology by first investigating how the origin of
the deep convection, namely whether it occurred over land or ocean, impacted the
radiative evolution of the air parcels from deep convection. The lifetime of detrained
cirrus from deep convection was also measured, and the impact that detrained cirrus

lifetime had on the radiative effect of tropical high clouds was investigated.

Land and ocean origin air parcels were tracked by assigning a flag value to each con-
vective event depending on where it occurred. This flag value was then advected for-
ward with the air parcels along with the TSC and whether the air parcel contained
a detrained cirrus cloud or not. The detrained cirrus cloud was determined to have
dissipated when the cloud fraction along a trajectory first dropped below 10%. The
TSC methodology had three unique tracking flags incorporated into it; 1) a TSC flag
which is dynamic and changes at each timestep, 2) a land-ocean origin flag that does
not change along trajectories that denotes the specific conditions of convection as it
occurred, 3) a binary detrained /not detrained cirrus flag that changes according to the
specific conditions along the trajectory, and does not change again after. These three
methods highlight the flexibility of the TSC tracking approach, and the ease with which

new flags can be introduced into the methodology to answer different questions.

After introducing the new aspects of the TSC methodology, the impact of land-ocean
origin was investigated. It was found that air from land-origin convection often exists

over the ocean, and vice versa. This shows that analysis of the impact that convective
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origins have on detrained cirrus is not simply the case of applying a land-ocean mask

and investigating the evolution of air parcels within each mask.

It was shown that the radiative evolution of air parcels along trajectories from convec-
tive were substantially different depending on whether the the convection occurred
over land or ocean. The radiative evolution of land-origin air parcels were found to be
warming for all TSC values, starting with a higher warming before flattening towards
zero at high TSC values. By contrast, the ocean-origin detrained cirrus displayed a sim-
ilar cooling-to-warming-to-zero CRE pattern observed in the previous chapter. The
differences in the net CRE were found to be driven predominantly by differences in
the SW CRE. This SW CRE contrast is due to the timing of the initial convection being
significantly different for ocean and land convection, and the impact of differences in
surface albedo between land and ocean. The influence that the diurnal cycle has on
the SW radiative evolution of air parcels from deep convection was found to be con-
siderably larger than any difference in the LW CRE. The all-origin tropical high cloud
lifetime CRE was found to be 5.0 & 0.4 Wm 2. The land-origin and ocean-origin high
cloud lifetime CRE were found to be 7.7 + 0.6 Wm~2 and 4.4 + 0.4 Wm™?, respectively.
As mentioned above, these differences are predominantly due to differences in the SW

CRE due to the timing of the initial convection.

The lifetime of land and ocean origin detrained cirrus were also found to differ, with
land-origin detrained cirrus have a shorter lifetime than ocean-origin detrained cirrus
(modal lifetime of 15 hours versus 30 hours, respectively.) These results suggest that
land origin detrained cirrus, which originate just before night and persist throughout
the night, are subjected to conditions that shorten their lifetime, such as entrainment
of dry air, compared to their ocean origin counterparts. These results support findings
in previous modelling work that suggests anvil cirrus decay quicker in the night than

during the day. These are important results that show another pathway through which
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the diurnal cycle of convection impacts the lifetime CRE of detrained cirrus, beyond

just their altered SW CRE.

The second half of Chapter 4 explored the impact that changes to the lifetime of de-
trained cirrus had on the total high cloud CRE in the tropics. By modelling the lifetime
of detrained cirrus as a distribution along TSC, and altering this distribution, the life-
time of detrained cirrus could be extended by any defined amount. The total high
cloud CRE in the tropics is calculated as the weighted average of both the detrained
cirrus CRE, and the in-situ air parcel CRE - that is the CRE of clouds in gridboxes with
a detrained flag, and the CRE of air parcels in gridboxes without. The detrained cirrus
distribution was extended at the expense of the in situ distribution, and the new CRE
was calculated with this extended distribution. The lifetime high cloud CRE was then
calculate for each percentage extension of the detrained cirrus lifetime, and the change
in CRE was calculated. It was found that extending the lifetime of the detrained cirrus
by 100% increased the all-origin high cloud CRE by 0.7 + 0.1 Wm™? for the tropics. For
land-origin and ocean-origin detrained cirrus this extension lead to a 2.0 + 0.1 Wm ™2
and 0.3 + 0.1 Wm™? increase in the lifetime CRE, respectively. This land-ocean contrast
in the increased warming is due to the fact that the detrained cirrus are warming at all

points in their lifetime, compared to ocean-origin detrained cirrus, and as such any

extension to their lifetime increases the warming by a larger degree.

Chapter 4 showed that changes in the detrained cirrus lifetime have an impact on the
overall high cloud CRE in the tropics, however this impact is found to be relatively
small. More work is needed to put these lifetime adjustments into context regard-
ing mechanisms that are proposed to change the lifetime of detrained cirrus, such as
changes in the timing of convection or aerosol invigoration. This chapter has provided
an important constraint to these estimates, putting an upper bound on the impact that

a doubling in the lifetime of detrained cirrus may have on the tropical high cloud CRE.
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The first two chapters laid the groundwork for the final chapter of this thesis. Ex-
tending the TSC methodology even further, Chapter 5 introduces a cloud top pressure
(CTP) flag that separates every convective event into four distinct CTP bins in order
to investigate how the initial strength of convection (here using CTP as a proxy for

convective strength), impacts the radiative evolution of the detrained cirrus clouds.

This thesis finds a strong linear relationship between the initial CTP of the deep convec-
tion, and the detrained cirrus net CRE. The lower the initial CTP (higher cloud tops),
the more warming the detrained cirrus are throughout their lifetime. This is true for
both land-origin and ocean-origin detrained cirrus, however there is a much stronger
relationship for land-origin than ocean-origin detrained cirrus. The sensitivity of CRE
to CTP is -0.17Wm2?hPa~! for all-origin detrained cirrus, and -0.24Wm—?hPa~! and
-0.10Wm™?hPa~! for land-origin and ocean-origin, respectively. These novel results
show that it is vital to consider the behaviour of detrained cirrus that originate from
land separately to those that originate from ocean, and once again shows that the tim-
ing of convection plays an integral role in determining the lifetime CRE of detrained
cirrus, since the sensitivity of CRE to CTP is predominantly due to differences in the

diurnal cycle of convection of differing initial strength.

The variation in the CRE-CTP sensitivity over the study period from 2000-2017 was
also investigated in this chapter, finding that there was significant variability in the
ocean-origin detrained cirrus sensitivity compared to the land-origin sensitivity. It was
found that most of the variability in the sensitivity was due to variability in the SW
cooling of detrained cirrus from the strongest convection. This, in turn, was thought
to be caused by variability in the diurnal cycle throughout this study period, however
more work is needed to verify this. Whilst it is not clear what caused this variability,
beyond a changing distribution of the strongest convection, it shows just how sensitive

the lifetime CRE of detrained cirrus is to the location and timing of convection, indi-
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cating the importance of representing these variables well in climate models if we are
to understand how the impact of them changing in the future might have on the cloud

radiative effect in the tropics.

The final aim of the thesis, achieved in Chapter 5, was to link the observed sensitivity
of detrained cirrus CRE to initial strength (CTP) of the deep convective cores, to an
observed sensitivity of high cloud CTP to aerosol concentration, in an attempt to bound
potential aerosol impacts on the detrained cirrus lifetime CRE. In order to do this,
a novel equation was introduced that linked the non-local impact of detrained cirrus
CRE to the local change in CTP due to aerosols. This enabled the calculation of a bound
on the aerosol impact on detrained cirrus CRE, but also introduced a framework for
more generally matching non-local impacts to local changes in cloud properties. The
global change in the detrained cirrus lifetime CRE correlated to aerosol changes from
pre-industrial to present day was found to be between +0.3 and 0.0Wm™2. This final
chapter has a wide range of applications beyond the work presented in this thesis, and
represents an important development in our ability to attribute non-local impacts of

local changes.

6.2 Summary

This thesis has introduced a novel method to investigate the evolution of deep convec-
tion, in particular the radiative impacts of the detrained cirrus that flow from convec-
tive cores. The impact that the initial conditions of the deep convection have on the
subsequent evolution of detrained cirrus is shown to be large. The distribution and
timing of the initial convection has shown to be particularly important in determining
the mean CRE of detrained cirrus across their entire lifetime. Changes in the lifetime

of detrained cirrus are shown to impact the overall tropical CRE; however, this impact
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is small relative to the changes in the initial conditions mentioned above. Finally, the
detrained cirrus CRE is shown to be sensitive to the initial strength of convection via
the CTP, with stronger convection leading to warmer detrained cirrus. The high cloud
CTP is shown to be sensitive to the aerosol concentration, even though this may be
due to meteorological covariations, and these two terms are linked using a novel equa-
tion that uses the Lagrangian trajectories to calculate the sensitivity between aerosol

concentration (local) and detrained cirrus CRE (non-local).

6.3 Future Work

There are several avenues of potential future research to explore leading on from the

work done in this thesis.

6.3.1 Representation of deep convection in climate models

Climate models struggle to accurately represent deep convection, both through the
difficulty they have in distributing it accurately across the tropics, and in initiating
convection at the correct time of day. This thesis has shown that both of these factors,
the distribution and the timing of convection, have a huge impact on the subsequent

evolution of the detrained cirrus, both in terms of lifetime and radiative effect.

In future work, it would be useful to apply the TSC methodology using model output,
such as ECHAM, and to make comparative studies between observations and mod-
els, evaluating the impact of poor model representation of deep convection on the de-
trained cirrus development. Understanding where models poorly perform regarding

deep convection, and the impact that this has on the subsequent anvil evolution will
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be important for motivating improvements for future model representation of deep

convection.

State-of-the-art high-resolution storm-resolving models are also beginning to become
more widely used. The comparative study into the representation of deep convection
in model output could be continued by implementing the TSC methodology into these
high-resolution models to see how the improved representation of deep convection im-
pacts the evolution of detrained cirrus. This would further help us understand how the
distribution and timing of convection impacts the cloud radiative effect of detrained
cirrus in the tropics. The distribution of convection of different strengths through cloud

top pressure would also make a useful comparative study.

It would also be useful to investigate the impact of initial convective conditions on the
evolution of other cloud microphysical processes readily available in climate models.
As done in previous work, it would be useful to investigate how ice properties of the
detrained cirrus evolve as a function of TSC. These properties all impact cloud life-
times and cloud radiative effects, so understanding better how these properties evolve
with time and how sensitive they are to their initial conditions will help improve un-

derstanding of detrained cirrus evolution.

6.3.2 The impact of convective strength on other observed cloud prop-

erties

This thesis has focused mostly, although not exclusively, on the radiative evolution of
detrained cirrus and how macrophysical properties of the convection impact this evo-
lution. It has been shown that the timing and distribution of convection play a key role

in determining the SW CRE of detrained cirrus as a function of TSC. However, there is
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still more work to be done to investigate how the initial conditions of deep convection
impact the microphysical evolution of the detrained cirrus and what impact this has
on radiative evolution. Not only will this help improve understanding of detrained
evolution, but it could help better understand causal chains of interaction between
cloud properties, and what impact this has on cloud lifetime and related feedbacks.
One question, for example, is how does the evolution of cloud optical thickness of de-
trained cirrus vary depending on the convective strength? Using DARDAR, it would
be useful to see how the ice microphysical properties vary in detrained cirrus of dif-
ferent convective strength origin. Whilst we might expect these differences to have a
smaller impact on the overall lifetime net CRE than changes in timing and distribution
of deep convection, knowing exactly what impact microphysical differences have on
the CRE will be vital for our understanding of how the radiative effect of detrained cir-
rus could change in the future. It will also aid in understanding the contrast between

cloud lifetimes and their controls.

6.3.3 Quantifying non-local impacts of local changes

The final section of this thesis introduced a novel method for linking local changes
in cloud properties (in this case changes in the cloud top pressure of deep convection
with aerosol), to non-local changes (the lifetime CRE of detrained cirrus that flow out of
convection). This is just one application of such an approach. Quantifying these non-
local impacts has value to many areas of work, and the novel equation introduced in
Chapter 5, along with a semi-Lagrangian "time since...” methodology, can be reworked

to answer some of these questions.

One example of a potential area for work using this approach is in the field of geo-

engineering, in particular marine cloud brightening and cirrus cloud thinning. Marine
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cloud brightening involves increasing the number droplet concentration in shallow
stratocumulus cloud decks in order to increase the albedo and reflect sunlight back to
place. Cirrus cloud thinning involves seeding cirrus clouds with INP that increases
the ice crystal size and encourages deposition, thinning the remaining cloud. Current
work in this field focuses on the instantaneous, or short time scale, changes in the cloud
properties at times after an aerosol perturbation. However, there are concerns about
non-local changes in cloud properties at locations far away from, and at times long
after, the initial cloud perturbation. Using a Langrangian framework that tracks air
parcels from ship tracks, and the novel equation introduced in this thesis, it would be
possible to try to quantify the non-local impact that could occur due to marine cloud
brightening. Another application could be for contrail studies. Quantifying the impact
that contrails may have on, for example, the development of cirrus clouds at long times

after the initial contrail outbreak would also be possible with this approach.
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Figure A.1: Histogram of the lifetimes of detrained cirrus using a 20% threshold and a
10% threshold for the lifetime cutoff point.
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