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Cloud reflectivity/i a function of cloud liquid water content and droplet

number concentration. Since cloud droplets form around pre-existing aerosol

particles, cloud droplet number concentration depends on the availability of

particles that can serve as cloud condensation nuclei. Given constant liquid

water amount, increased availability of cloud condensation nuclei leads to

clouds with a greater droplet number concentration, greater total droplet

surface area and consequently, greater reflectivity. The change in cloud

reflectivity resulting from the increased availability of condensation nuclei is

known as the aerosol indirect effect. The aerosol indirect effect ranks as one

of the largest sources of uncertainty in current estimates of global climate

change, largely due to difficulties in measurement. Changes in cloud

reflectivity resulting from the aerosol indirect effect are typically much

smaller than the natural background variability observed in clouds. As a

result, the modification signal is very difficult to detect against the

background noise. Additionally, since atmospheric aerosols are ubiquitous, it
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is difficult to find polluted and nonpolluted clouds that are sufficiently alike

for reasonable comparison. However, ship tracks seen in satellite images

present one opportunity to study the aerosol indirect effect in relative

isolation. Ship tracks are regions of enhanced reflectivity in marine stratus,

resulting from the addition of aerosols from ship exhaust plumes to

preexisting clouds. Ship tracks are a common feature of satellite images of

the North Pacific. Since the marine atmosphere has comparatively low

background aerosol concentrations, the addition of ship exhaust particles can

lead to distinct increases in cloud reflectivity. Ship tracks allow for sampling

of polluted and nonpolluted clouds from adjacent regions with similar solar

and viewing geometry, cloud temperatures and surface properties, and

consequently provide a unique opportunity to study the effects of aerosol

modification of cloud reflectivity. Using satellite images of the North Pacific

in July 1999, over 1000 ship tracks were identified, logged and analyzed,

yielding 504 sets of radiance data matching polluted clouds with nearby

nonpolluted clouds. It was expected that increasing the size of the region for

selection of nonpolluted clouds would increase the variability in observed

reflectivity, and make detection of the modification signal more difficult. In

order to study this potential effect of domain size for selection of nonpolluted

clouds on measurements of the aerosol indirect effect, three data sets were

collected, using domain sizes for selection of nonpolluted clouds of 15, 50

and 100 km. Analysis of retrieved optical depth and droplet effective radius

for modified and control pixels shows evidence of a 1-5% increase in visible

optical depth of marine stratus following modification by addition of ship

exhaust particles, but unexpectedly, shows only slight increases in uncertainty

with increasing domain size. A subsequent study revealed that

autocorrelation lengths of radiances and retrieved cloud properties were only

8-15 km. This indicates that even the 15 km control domain captured much of

the background variability present. Domain sizes smaller than 15 km are



difficult to sample automatically while avoiding the inclusion of polluted

clouds in the nonpolluted cloud sample. As a result, it remains necessary to

analyze large numbers of ship tracks to separate the aerosol modification

signal from the background variability.
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A Complex Signal to Noise Problem:

Determining the Aerosol Indirect Effect from Observations

of Ship Tracks in AVHRR Data

Chapter 1: Introduction

The problem of global climate change is complex, and involves many

interacting processes. Successful predictions of future climate change depend

on accurately modeling the relative influence of each of these processes. The

aerosol indirect effect radiative forcing due to the influence of particulate

pollution on cloud properties is one of the least understood areas of climate

forcing and represents one of the largest sources of uncertainty in the prediction

of future climate change (Houghton 2001).

Emissions of hydrophilic pollutant particles that make effective cloud

condensation nuclei (CCN) can lead to clouds with increased droplet number

concentrations the number of cloud droplets in a given volume and a

decreased average droplet size. A cloud of small droplets has a larger droplet

surface area than a cloud with equal liquid water content but larger droplets.

The increased surface area leads to greater reflectance of incoming light. In this

way, changes in the droplet size distribution affect the shortwave albedo the

amount of sunlight reflected by a cloud. Since cloud droplets need to grow to a

critical size before initiating precipitation, the decrease in average droplet radius
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resulting from aerosol modification can possibly lead to a suppression of drizzle

and an increase in cloud lifetime (Albrecht, 1989).

It has been estimated that anthropogenic aerosols, primarily anthropogenic

sulfates, have a cooling effect of similar magnitude to the warming effect of

increased greenhouse gas concentrations (Charison et al. 1992). The radiative

forcing due to the buildup of greenhouse gases in the atmosphere since the

Industrial Revolution is estimated at 2.5 ± 0.3 W m2, while the globally

averaged forcing due to both direct and indirect effects of sulfate aerosols has

been estimated at -1.4 ± 1.5 W m2 (Houghton et al, 1996). Regionally the

forcing may be as high as -10 W m2 (Charlson et al. 1992). In general

circulation models, the aerosol indirect effect alone is estimated to cause an

increase in the globally averaged reflected sunlight of between 0.2Wm2 to 4.8

Wm2 (Lohmann and Feichter 1997; Lohmann et al. 2000). Climate forcing due

to atmospheric aerosols could be insignificant, or could offset 50 to 100% of the

warming due to increased greenhouse gas concentrations. Such a wide range of

values for aerosol forcing makes any estimate of net radiative forcing highly

uncertain and complicates predictions of future climate. The large uncertainty

associated with estimates of the climate forcing due to aerosol indirect effects is

largely due to difficulties in measurement. Tropospheric aerosols have short

residence times in the atmosphere, typically on the order of hours to days, and

are thus concentrated near their sources. As a result, tropospheric aerosols have
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relatively localized effects. This is in contrast to the greenhouse gases, which

have long residence times and are well-mixed in the atmosphere. There is a high

degree of natural variability in background aerosol composition and

concentration, water vapor availability, and the resulting cloud microphysical

properties. The natural background variability in cloud properties is typically

much larger than the modifications caused by the influence of anthropogenic

aerosols. Additionally, the continental atmosphere is often saturated with

aerosols, leaving no suitable unaffected or "clean" clouds for comparison. For

these reasons, it is very difficult to isolate and quantify the signal of aerosol

modification of clouds using either in situ or satellite observations in the noisy

signal that most clouds present.

Coakley et al. (1987) point out that satellite images of ship tracks in marine

stratus provide an opportunity to compare aerosol-modified clouds to nearby

unmodified clouds and examine the effect that modification has had on their

optical and microphysical properties. Ship tracks are regions of enhanced

reflectivity in marine stratus that result from the addition of cloud condensation

nuclei from ship exhaust plumes to a preexisting stratus deck. Ship tracks are

commonly found in satellite images of single-layered marine stratus under fairly

stagnant conditions, such as high pressure weather systems. They may persist

for hours, to as much as one or two days, and extend spatially for tens to

hundreds of kilometers, depending on the stability of the surrounding stratus
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deck. Maritime clouds form in the presence of much lower CCN concentrations

than continental clouds, which makes them particularly susceptible to

modification by addition of hydrophilic aerosol (Platnick and Twomey 1993).

Ship tracks are common and easily identified in 3.7-tm satellite images of the

North Pacific. In these images, a clear distinction can be made between

polluted ship track pixels and surrounding unpolluted overcast pixels.

Satellite images of regions containing ship tracks provide radiance data for

modified and unmodified pixels with approximately the same satellite and solar

zenith angles, cloud temperatures, surface properties and atmospheric

influences, allowing measurement of the aerosol indirect effect. Comparisons

of adjacent modified and nonmodified marine stratus have been done before on

a limited scale (Coakley et al. 1987; King et al. 1993; Platnick and Twomey

1994; Durkee et al. 2000; Platnick et al. 2000; Taylor et al. 2000) using both

satellite and in situ measurements. This study involved the examination of a

much larger number of ship tracks than prior studies, allowing for greater

separation of the effect of aerosol modification from the high background

variability.

Coakley and Walsh (2002), describe a large-scale study of ship tracks in

which many tracks were identified and sampled from satellite imagery. Ship

tracks were manually identified in satellite images. A semi-automated routine
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sampled pixels identified as modified by the ship exhaust plume and a

corresponding number of nonmodified pixels selected from a surrounding

domain. The data was used to quantify the effect that aerosol modification by

ship exhaust plume has on remotely sensed cloud properties: visible optical

depth, droplet effective radius and cloud top temperature. These quantities

were used to assess whether the polluted clouds gained or lost liquid water.

Part of the work undertaken by Coakley and Walsh (2002) was the

determination of an appropriate domain size for selection of control clouds in

order to determine the resulting changes in cloud properties. The ideal domain

would be large enough to allow for the selection of an adequate number of

control pixels, but not so large as to include control pixels from regions with

clearly differing meteorological properties. It was initially expected that

varying the size of the domain for selection of control pixels would affect the

calculated changes in cloud properties. The effect of domain size on the

outcome of the analyzed changes is the focus of this thesis.

Hundreds of ship tracks and their surroundings were identified, logged,

sampled and analyzed using three domain sizes for the selection of control

pixels: 15, 50, and 100 km. Surprisingly, there is little difference between the

results for the three domain sizes examined. A study of the spatial

autocorrelation of cloud properties was performed to better understand the close

agreement shown for the three domain sizes examined. Autocorrelation lengths



for marine stratus were found to be 8 km for visible optical depth, --15 km for

droplet radius and -.22 km for cloud top temperature. As a result, even the

smallest domain size captured much of the background variability exhibited by

marine stratus. Consequently, increasing the domain size had little effect on the

statistical significance of the observed changes in cloud properties.
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Chapter 2: Aerosol Effects on Climate

Aerosols can affect the atmospheric radiation balance through direct or

indirect effects. Direct aerosol effects are those resulting from scattering and

absorption of incident light by aerosol particles. Direct aerosol effects can

either warm or cool the global climate, depending on the balance of absorbing

and scattering resulting from the specific mix of constituent particles and/or

droplets. For example, owing to their efficient absorption of incoming solar

radiation, soot particles have a warming effect. In sufficient amounts,

absorbing aerosols like soot could cause a decrease in the planetary albedo

(Haywood and Ramaswamy 1998). By contrast, particulate sulfate (S042)

compounds are a major source of increased light scattering (Charlson et al.

1992). Scattering by aerosols increases the amount of incoming solar radiation

reflected back to space, and has a cooling effect on global climate. The

temporary lowering of global average temperature caused by major volcanic

eruptions, such as that of Mount Pinatubo in 1991, is a rare, but dramatic

example of the aerosol direct effect (Hansen et al. 1992; Minnis 1993). Most

anthropogenic aerosol emissions are a mixture of different pollutants. The

relative importance of direct warming and cooling effects depends on the

relative amounts of scattering and absorbing particles in the pollutant emissions,



the reflectivity of the underlying surface, and on the vertical distribution of the

aerosol in question. Absorbing aerosols high in the atmosphere receive a

greater amount of both direct and reflected sunlight than aerosols at low

altitudes, and consequently exhibit a greater warming effect (Haywood and

Ramaswamy 1998).

Indirect aerosol effects are changes in the atmospheric energy budget

resulting from the influence of aerosol particles on cloud droplet number

concentration and droplet radius. Indirect aerosol effects are further subdivided

into the first aerosol indirect effect, which is the change in cloud albedo

resulting from aerosol modification subject to fixed amounts of cloud liquid

water, and the second aerosol indirect effect, which encompasses changes in the

amount of cloud liquid water, cloud lifetime, cloud thickness or horizontal

extent due to decreased droplet size and subsequent interaction of the cloud

with its environment.

The first indirect aerosol effect is also referred to as the "Twomey effect"

(Twomey 1977). For fixed cloud liquid water, the increased number

concentration and reduction in droplet size resulting from aerosol modification

affects the amount of sunlight reflected back to space. The net outcome of the

Twomey effect is an increase in planetary albedo, and a subsequent cooling

effect on global climate. It has its origin in the physics of the interaction of

light and cloud water droplets. This chapter examines the theoretical



relationships between cloud liquid water content, droplet size, optical depth,

and visible and near-infrared reflectivity.

The relationship between reflectivity and cloud microphysical characteristics

can be described by three key measurements cloud thickness, droplet number

concentration, and droplet effective radius. Liquid water content is determined

by droplet radius and droplet number concentration. Figures 2.1 2.3 show

droplet number concentration as a function of droplet radius for a hypothetical

cloud with fixed liquid water contents of 0.08 gIm3, 0.4 gIm3 and 2.0 g/m3. It

should be noted that 2.0 g/m3 is an unrealistically high value for liquid water

content in marine stratus, and is included here for comparison purposes only.

Droplet volume is proportional to droplet radius cubed, so for fixed liquid water

content, as droplet number concentration increases, radius decreases

dramatically.
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The opacity of a cloud at a given wavelength can be described in temis of

optical depth. Optical depth (r) is a measure of the extinction of light of a given

wavelength by an atmospheric layer and is given by:

= naL (2.1)

where n is droplet number concentration, ois droplet extinction cross section

and L is the cloud thickness. Droplet extinction cross section is a wavelength

dependent quantity that accounts for the wavelength dependence of scattering.

The extinction cross-sections used here are from Mie calculations, and are

shown in Figures 2.4-2.6. Figures 2.7-2.9 show 0.65, 3.7 and 11.O-tm

optical depth as a function of droplet radius for a cloud with fixed liquid water

amounts of 0.08 g/m3, 0.4 gIm3 and 2.0 gIm3 and a thickness of 100 m.

Clearly, given fixed liquid water amount, reductions in droplet radius can lead

to large increases in optical depth.
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Cloud reflectivity is highly dependent on the wavelength of the incident light.

Here reflectivity is presented for the three wavelength bands used in this study:

0.65-pm, 3.7-tm and 1 1-p.m. The absorbing and scattering behavior of clouds

is very different for these three wavelength bands, so each must be examined

separately.

Clouds are nonabsorbing at 0.65-p.m. as liquid water and water vapor are

nonabsorbing at this wavelength. Reflectivity at 0.65-p.m can be estimated

using the Eddington approximation for a non-absorbing medium:

3(1g)r
R= 43 (2.2)

1+(1g)'r

where r is optical depth and g is the asymmetry parameter. The asymmetry

parameter is a measure of the asymmetry of the scattering pattern and is equal to

the average value of the cosine of the scattering angle. It is a function of

wavelength, droplet composition, and droplet radius and is calculated using Mie

theory for the scattering of electromagnetic radiation by spheres. The

asymmetry parameters used are shown in Figure 2.10.
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At 3.7-pm, liquid water both absorbs and scatters. Water vapor also absorbs

at this wavelength, but the absorption is sufficiently weak to be taken as

negligible for the example presented here. In the Eddington Approximation, the

reflectivity for an absorbing and scattering medium is given by:

where

and

ar(U2-1)(ee )R = (2.3)
(1+U)2e _(1_U)2e_aT

a
2(1w)

(2.4)

a=3(1w)(1wg) (2.5)

Here, wis the single scattering albedo. The single scattering albedo is the

fraction of radiation scattered by a single interaction of radiation with an object.

For a medium with one radiatively active component, the single scattering

albedo is given by:

a
(2.6)

0seat + °abs

where ascat is the scattering cross section for the component and c7abs is the

absorption cross section for the component. Absorption and scattering cross

sections are obtained from Mie theory and include the specific interactions of a
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given medium with light at a given wavelength. Figure 2.11 shows the single-

scattering albedo values used to produce the figures in this chapter.

Figures 2.12 2.17 show O.65-tm and 3.7-tm reflectivity as a function of

droplet size for model clouds with fixed liquid water contents of 0.08 g/m3 0.4

gim3 and 2.0 gIm3. At 1 1-tm, liquid water absorbs strongly, and does not

reflect significantly. For both cases, there is a marked increase in both 0.65-.tm

and 3.7-tim reflectivity with decreasing droplet radius.
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Figure 2.12: 3.7-jim reflectivity as a function of droplet radius for
a model cloud with fixed liquid water content of 0.08 gIm3 and a vertical

depth of 100 m.
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Figure 2.13: 3.7-jtm reflectivity as a function of droplet radius for
a model cloud with fixed liquid water content of 0.4 gIm3

and a vertical depth of 100 m.
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Figure 2.14: 3.7-tm reflectivity as a function of droplet radius for
a model cloud with fixed liquid water content of 2.0 g/m3

and a vertical depth of 100 m.
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Figure 2.15: O.65-jtm reflectivity as a function of droplet radius for
a model cloud with fixed liquid water content of 0.08 gIm3

and a vertical depth of 100 m.



0.65 pm Reflectivity
0.40

0.4 g/m3 liquid water content

100 m cloud thickness

0.30

><

0L
0

C
0
a-)
C
-D 0.20
uJ

E
0

>

>

0
Cl)

0.10

SKII,I

29

0 10 20 30 40 50 60 70
Droplet Effective Radius (,am)

Figure 2.16: O.65-j.tm reflectivity as a function of droplet radius for
a model cloud with fixed liquid water content of 0.4 gIm3

and a vertical depth of 100 m.
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Figure 2.17: 0.65-jim reflectivity as a function of droplet radius for
a model cloud with fixed liquid water content of 2.0 gIm3

and a vertical depth of 100 m.
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As a result of the relationships described above, any given combination of

droplet radius and optical depth yields a characteristic relationship between the

3.7-tm and 0.65-xm reflectances. Model calculations can be used to predict

this relationship, and the results can be used in reverse as a look-up table to

infer droplet size and optical depth from observed radiances. Under overcast

conditions, the upward radiation at the top of the atmosphere is a combination

of reflected solar radiation and thermal radiation emitted by the surface and

clouds. The total upward radiation observed depends on the incident flux of

solar radiation, the surface and cloud temperature, and the number and size

distribution of cloud droplets in the column observed. Figure 2.15 combines

these effects to predict O.65-pm reflectance and 3.7-jim radiance for a range of

droplet sizes and optical depths. The single scattering albedo, w, and

asymmetry parameter, g, calculated from Mie theory for mode droplet radii of

1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 18, 20 and 24 tm are plotted in Figures 2.10-

2.11. The mode radius is the most common size of a log-normal size

distribution of aerosol particles. For a given dispersion in a log normal

distribution, the effective radius and mode radius are related. Here, effective

radius (re) is equal to 1.5 times the mode radius (rmode).

The 0.64-jtm reflectance is simply that obtained by the Eddington

approximation for a non-absorbing medium, as given in equation 2.2. The 3.7-

j.tm radiance is composed of thermal emissions from the surface and from the
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cloud, here calculated using the Plank function, and reflected sunlight. The

total 3.7-jim radiance observed is approximately given by:

R37 = EB37 CloUd + ORCIOUdQ3.7 + TCIOUdB3 7cuace (2.7)
'V

Reflected sunlight is calculated using the cosine of the solar zenith angle

Cu0)' the solar constant for 3.7-jim, (Q = 19.38 mW m2 cm) and Eddington

derived reflectivity (R) for an absorbing and scattering medium (equation 2.2).

Cloud and surface emissions (B,100d and Bv,sj,rface) are given by the Plank

function for blackbody emissions, with the surface temperature taken to be

17°C and the cloud temperature to be 12°C. The cloud transmissivity (Tl0d) is

given by:

4UT= (2.8)
(1 + U)2e (1 U)2e°

Cloud emissivity (c) is equal to the absorptivity (A), which is given by:

e=A=1RT (2.9)
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Plotted in red on Figure 2.18 are actual AVHRR data points. These AVHRR

points are shown merely for illustrative purposes, as the model calculations

described here include several significant approximations. In this model, the

atmosphere is taken to be completely transparent and non-emitting at all

wavelengths, except for a single layer of cloud. The Eddington Approximation

used here to compute cloud reflectivity represents radiance as a polynomial

series truncated at first order, incorporating an assumption that the radiance

varies only slightly with zenith angle. This assumption is appropriate for

radiative fluxes and optically thick media, but not for observed radiances as

shown here. Radiance calculations are discussed in Coakley and Walsh (2002).
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The relationships described above can also be combined to yield an

expression relating changes in droplet radius to changes in cloud reflectivity.

Optical depth, defined in (2.1) above, can be approximated by:

V = 2,rr2rzL (2.10)
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where re is droplet effective radius, n is droplet number concentration and L is

cloud thickness. Cloud liquid water, or liquid water path (LWP), which is

given by:

LWP= 37ePhj3t1e (2.11)

where p is droplet density and r is again optical depth. Optical depth is

proportional to cloud liquid water, and proportional to the droplet effective

radius squared. Given constant cloud liquid water, changes in optical depth and

effective radius would be related by

or equivalently by

(2.12)
V

Ainr
=1 (2.13)

A in r
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Combining 2.11 and 2.13 gives:

3LWP 3LWPand Ar=--
2

(2.14)
2 re 2r

The 0.65-pm (visible) reflectivity of a liquid water cloud is given by the

Eddington Approximation for a non-absorbing medium:

where fi, is given by:

(1 g)r
R= fir

1+(1g)r 1+/Jr
4

fi=(1g)r (2.16)

(2.15)

with g representing the asymmetry parameter for the cloud droplet distribution

of interest. Changes in reflectivity resulting from changes in optical depth are

given by:



37

and so,

dR (1+/3r)flJ3r(/3)

dr (1+flr)2

fl+fl2rfl2r
(2.17)

(1+f3r)2

-fl
(1+/3r)2

AR=(1R)Rr (2.18)

Combining with (2.11),

(2.19)
R

re

The fundamental relationships between cloud liquid water content, optical

depth, droplet radius and cloud thickness were used to calculate the change in

O.65-tm reflectivity resulting from a 10% reduction in droplet radius given

constant liquid water content. Figure 2.19 is a contour plot showing the change

resulting given the initial droplet size and optical depths shown on the axes.

0.65-pm reflectivity was calculated for an initial droplet effective radius (re) and

optical depth (r). A new optical depth was then calculated, given a reduction

of 10% in droplet effective radius with constant liquid water content.
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A new 0.65 -tm reflectivity was calculated for that optical depth and the

difference is plotted in Figure 2.19. The results show a maximum in the first

aerosol indirect effect for clouds with an initial optical depth of 7-10 and a

subsequent initial reflectivity (Rjnjtja) of 0.5.

The figures above were all calculated with the assumption of constant cloud

liquid water content. However, for real clouds, the situation is complicated by

the second aerosol indirect effect, which is the change in cloud liquid water

content and cloud lifetime resulting from aerosol modification. Cloud droplets

must grow to a critical size before initiating precipitation. Albrecht (1989)

suggested that a decrease in droplet size could lead to a suppression of drizzle,

thus increasing cloud liquid water content and cloud lifetime. Pincus and Baker

(1994) predict that cloud thickness and cloud top altitude increase with droplet

number concentration due to decreases in droplet size and precipitation.

However, while some studies have identified polluted clouds that show elevated

cloud liquid water content (Radke et al. 1989), others have indicated that

polluted clouds have less liquid water than neighboring unpolluted clouds

(Platnick et al. 2000).



If clouds lose liquid water with changes in droplet size, then the aerosol

indirect effect would be reduced, with <---. An increase in the cloud
re

liquid water content of modified vs. non-modified clouds would show an

Ar
Areenhanced indirect effect, or >

r
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Chapter 3: Data Set Collection

Ship tracks are frequently observed in near-infrared satellite images of marine

stratus. This study was conducted using images collected by the National

Oceanic and Atmospheric Administration (NOAA) polar orbiting satellites,

using the Advanced Very High-Resolution Radiometer (AVHRR). O.64-pm

(visible), 3.7-tm (near-IR) and 1 1-tm (IR) radiances were used to retrieve

cloud microphysical properties, including optical depth, droplet effective radius

and cloud emission temperature. AVHRR data has a pixel resolution of

approximately 1.1 km at nadir. The instrument reported radiances must be

calibrated. For this study, 0.64-pm radiances were calibrated using the method

of Tahnk and Coakley (200 la,b). 3.7-pm and I 1-tm radiances were calibrated

using the gain and offset procedure described by Lauritsen et al. (1979). At 3.7-

pm, water droplets both scatter and absorb, with scattering being proportional to

the geometric cross-section of the droplet and absorption being proportional to

the droplet volume. Thus, as droplet radius decreases, the ratio of scattering to

absorption increases. As a result, variation in droplet radius can be quite

distinct in 3.7-j.tm images. Figure 3.1 shows a visible (0.64-jim) image

containing ship tracks in the North Pacific, off San Francisco Bay. Figure 3.2

shows a simultaneous view of the same region in the near-fR (3.7-jim).
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Figure 3.1: AVHRR Channel 1 (0.64-jim) image of the

North Pacific off San Francisco Bay for July 1, 1999.

Figure 3.2: AVHRR Channel 3 (3.7-jim) image of the

North Pacific off San Francisco Bay for July 1, 1999.

(simultaneous with Figure 3.1)
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As described in Chapter 2, AVHRR data can be used to retrieve visible optical

thickness, effective particle radius and cloud emission temperature. Cloud

emission temperature can be combined with a midlattitude summer atmospheric

vertical profile of temperature and humidity to yield an estimate of cloud

altitude. Optical properties are retrieved by adjusting optical depth, effective

droplet radius and cloud emission temperature in a plane-parallel radiative

transfer model for the relevant viewing geometry until the model output of 0.64,

3.7 jtm and 11 tm radiances matches the values observed. In the radiative

transfer calculations, clouds are treated as an infinitesimally thin, but optically

finite layer at an altitude of 1 km. Because plane parallel radiative transfer

calculations were used to predict the radiances, the retrievals were restricted to

overcast fields of view. Details of the retrieval scheme are given in Coakley

and Walsh (2002).

1-km scale AVHRR High Resolution Picture Transmission (HRPT) data

from NOAA-12 (morning) and NOAA-14 (afternoon) polar orbiting satellites

was collected for July 1999 by the Oregon Earth Watch Facility at Oregon State

University. Passes were collected for all days in that period. Also included was

AVHRR data collected as part of the June 1994 Monterey Area Ship Track

(MAST) experiment. The passes examined cover the North Pacific and the

west coast of North America from Baja California to British Columbia. Using

AVHRR radiances for 0.64-tm, 3.7-pm and 1 1-tm, optical depth, effective



droplet radius and cloud emission temperature were retrieved for 1-km pixels

identified as being fully overcast.

In the first phase of this study, each 3.7-.tm image collected was visually

inspected for ship tracks. Any features positively identified as ship tracks were

manually mapped via a series of points from the head of the track to the tail.

Marine stratus often show linear features which resemble ship tracks, thought to

be the effect of gravity waves propagating in the marine boundary layer. In

order to avoid these and other "false tracks", only those cloud features with a

clearly identifiable track head were included. The scan spot and scan line

numbers relative to the start of the pass were logged for each track head, along

with sufficient points along the track, primarily at bend points, to guide the later

automated analysis. By consistently logging tracks from head to tail, a data set

was generated which allows for the examination of the time evolution of ship

tracks in future studies. For each pass, a log file was made recording the

identified track locations for subsequent analysis.



Table 3.1 Ship Tracks Logged

MAST, June 1994

Oregon Earth Watch,

July 1999

NOAA-11 NOAA-12 NOAA-14 Total

337 421 -- 758

-- 337 680 1017
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Table 3.1 summarizes the number of tracks found in the identification phase.

The complete data set includes nearly 2000 ship track locations and is being

used as the basis for further study of aerosol modification of cloud properties.

For the analysis below, the 1017 ship tracks located in data for June 1999 were

used.

Many of the ship tracks logged during the identification phase described

above were unsuitable for further analysis. Some tracks occurred in regions

identified as broken cloud, and thus lacked a sufficient number of neighboring

pixels completely overcast by noncontaminated clouds for comparison. The

radiance from pixels containing broken cloud is likely to contain three-

dimensional cloud effects, and as a result is not suitable for analysis using

plane-parallel radiative transfer theory. In some cases, tracks overlapped with

other tracks, thereby preventing the selection of corresponding non-modified



pixels for comparison. This section details the process used to subdivide and

screen the manually identified tracks and to compile the final data set used for

analysis of the aerosol indirect effect.

Using the manually logged locations as a starting point, an automated routine

identified ship track pixels by locating curvilinear features with an elevated 3.7-

im radiance. Only those pixels which were contiguous with at least 16 other

pixels that exceeded the 90th percentile of 3.7-.tm radiance for the surrounding

domain and 30 km segment were included. It was required that the center of

mass of the selected pixels be within 10 km of the line connecting the two

nearest manually logged points and that the angle between the principle axis of

the moment of inertia within each 30 km segment of the identified track and the

logged track location be smaller than 15°.

A user defined domain size set the maximum allowed distance from the ship

track for selection of non-polluted control pixels. For meaningful comparison

of modified and non-modified cloud properties, ideally a domain size would be

selected such that cloud conditions are uniform throughout the entire domain.

In such a case, differences between the ship track pixels and nearby non-

modified pixels would be due solely to the addition of CCN from the ship

plume and not the result of the overall spatial variability in cloud properties.

However, retrieved cloud properties typically show pixel to pixel variation that
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is greater than the perturbations caused by aerosol modification. It was initially

unclear what an appropriate domain size should be, or the extent to which

varying the domain size would alter our results. Ultimately, data was collected

using domain sizes or 15, 50 and 100 km. Only those tracks which could be

successfully sampled at all three domain sizes were included in the final data

set. The expectation was that the aerosol indirect effect would be very difficult

to detect in the large 100-km or 50-km domain set, due to the high background

variability of cloud optical properties, but the aerosol indirect effect would

become more pronounced as the domain size was decreased and more of the

background variability was excluded. However, this expectation was not

evinced in the data.

Each track was subdivided into segments along the length of the track, each

approximately 30 km long. The optical properties of each section of modified

pixels were sampled, along with two sets of control pixels from the adjacent,

non-modified clouds. These values were averaged to produce one modified

and two control values for each track segment. Segments were automatically

excluded if a sufficient number of completely overcast, modified or non-

modified pixels could not be found in the user-specified segment domain. Ship

tracks are often found in areas of fairly thin stratus, so it was often the case that

within a given segment domain, the ship track pixels would be identified as
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completely overcast, while much or all of the control domain was identified as

partially overcast, and thus excluded from the data set

Each segment was manually reviewed and excluded from the final data set if

it evinced contamination of the in-track set by non-modified pixels, or vice

versa. The automated identification procedure was occasionally misled by

naturally occurring linear cloud features, but such instances were relatively rare.

A more common reason for manual exclusion was contamination of the control

domain by neighboring or crossing ship tracks. Crossing tracks provide an

opportunity for future study of the possibility of a saturation of the aerosol

indirect effect. They are excluded here, along with any other situation in which

the control domain appeared to be influenced by other ship tracks. A large

number of segments were excluded for this reason. Ship traffic in the North

Pacific is primarily aimed at relatively few ports, so jumbled and overlapping

tracks were common when conditions were favorable for track formation.

Figure 3.3 is an example of in-track and control pixels selected by the

automated routine, using a 15-km domain size. This figure shows the selected

track pixels, and two adjacent strips of control pixels. The color of the track

and control pixels represents the effective droplet radius retrieved for the pixel.



NOAA14, June 28,1999
23:29 GMT

4 6 8 10 12 14

DROPLET RADIUS (p.m)

Figure 3.3 Sample track showing modified and control pixels selected by
automated routine following manually logged track location.
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Chapter 4: Analysis Results

The semi-automated screening and sampling procedure described in Chapter 3

was applied to the NOAA-12 and NOAA-14 passes for July 1999. Table 4.1

summarizes the number of segments that met the criteria for inclusion in the

analysis.

Table 4.1: Number of Tracks and Useable Segments Located.

NOAA12 NOAA14

ship tracks logged: 337 680

ship tracks providing suitable segments: 42 136

total number of suitable segments found: 92 412

The timing of the NOAA- 12 passes used was such that much of the image

was not sunlit, and so fewer useable segments were found than in the NOAA-14

images of the same days. For each segment, average values for droplet

effective radius, optical depth and cloud emission temperature for ship track and

control pixels were retrieved. Averages were computed using domain sizes of

15 km, 50 km and 100km.

The distribution of modified and control mean droplet effective radius for

each of the three domain sizes are plotted in Figure 4.1 (NOAA-12), and Figure



51

4.2 (NOAA-14). The red lines indicate the limits of a 95% confidence interval

for the mean of the distribution, using standard t-test. Similarly, Figure 4.3 and

Figure 4.4 show the distribution of modified and control mean optical depth for

each of the three domain sizes. Figures 4.5 and 4.6 show the distribution of

modified and control pixel mean cloud emission temperature, which is derived

from the observed radiances. For cloud emission temperature, the range of

uncertainty is estimated by two standard deviations of the segment means.

These results are also summarized in Tables 4.2 4.4. The low values of

optical depth retrieved for NOAA-12 passes are thought to be the result of

improper calibration of shortwave radiances.



Table 4.2: Distribution of Modified and Control Pixel

Segment Mean Optical Depths

Domain std dev 95% CI
NOAA -12

Modified Pixels 15 km 7.40 3.64 6.64
50 km 7.43 3.64 6.68
100 km 7.40 3.61 6.66

NOAA -12
Control Pixels 15 km 7.26 3.54 6.74

50 km 7.30 3.46 6.79
100 km 7.31 3.48 6.80

Domain std dev 95% CI
NOAA-14

Modified Pixels 15 km
50km
100 km

NOAA-14
Control Pixels 15 km

50km
100 km

52

- 8.15
8.19

- 8.15

7.77
7.81

- 7.81

12.00 5.22 11.49 - 12.51
11.94 5.20 11.43 - 12.45
11.68 5.04 11.19 - 12.17

11.57 5.33 11.20 11.94
11.44 5.21 11.08 11.80
11.43 5.34 11.06 - 11.80
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Table 4.3: Distribution of Modified and Control Pixel

Segment Mean Droplet Effective Radius

Domain Re (ptm) std dev 95% CI
NOAA -12

Modified Pixels 15 km 7.88 3.50 7.16 8.60
50 km 7.94 3.48 7.22 8.66
100 km 8.01 3.49 7.29 8.73

NOAA -12
Control Pixels 15 km 10.08 4.42 9.44 10.73

50 km 10.29 4.40 9.65 10.93
100 km 10.24 4.28 9.61 10.86

Domain Re (tm) std dev 95% CI
NOAA-14

Modified Pixels 15 km 9.53 2.29 9.31 9.76
50 km 9.73 2.32 9.50 9.95
100 km 9.62 2.25 9.40 9.84

NOAA-14
Control Pixels 15km 12.01 2.94 11.81 12.21

50km 12,42 2.93 12.21 12.62
100km 12.21 2.85 12.02 12.41



Table 4.4: Distribution of Modified and Control Pixel

Segment Mean Cloud Top Temperature

Domain T std dev Estimated Range
NOAA -12

Modified Pixels 15 km 279.89 3.05 276.84 282.95
50 km 279.87 3.03 276.84 282.90
100 km 279.89 3.02 276.87 282.92

NOAA -12
Control Pixels 15 km 279.79 2.95 276.84 282.74

50 km 279.74 2.92 276.82 282.66
100 km 279.78 2.93 276.85 282.72

Domain T std dev Estimated Range
N0AA- 14

ModifiedPixels 15km 283.81 2.96 280.85 286.77
50 km 283.85 2.91 280.94 286.76
100 km 283.96 3.02 280.94 286.99

NOAA-14
Control Pixels 15 km 283.80 2.93 280.87 286.73

50 km 283.84 2.88 280.95 286.72
100 km 283.95 2.99 280.95 286.94
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Figure 4.1: Droplet effective radius distribution for NOAA-12. The top row is

for pixels identified as modified, and the bottom row for the corresponding
control pixels. The red lines indicate the boundaries of a 95% CI for the mean
of the distribution. Results are shown for domain sizes of 15, 50 and 100 km.
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Droplet Effective Radius NOAA1 4, July 1999 , n 412
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Figure 4.2: Droplet effective radius distribution for NOAA-14. The top row is
for pixels identified as modified, and the bottom row for the corresponding

control pixels. The red lines indicate the boundaries of a 95% CI for the mean
of the distribution. Results are shown for domain sizes of 15, 50 and 100 km.
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Figure 4.3: Optical depth distribution for NOAA-12. The top row is for pixels
identified as modified, and the bottom row for the corresponding control pixels.

The red lines indicate the boundaries of a 95% CI for the mean of the
distribution. Results are shown for domain sizes of 15, 50 and 100 km.
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Figure 4.4: Optical depth distribution for NOAA-14. The top row is for pixels
identified as modified, and the bottom row for the corresponding control pixels.

The red lines indicate the boundaries of a 95% CI for the mean of the
distribution. Results are shown for domain sizes of 15, 50 and 100 km.
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Cloud Top Temperature NOAA1 2, July 1999 , n 92
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Figure 4.5: Cloud top temperature distribution for NOAA-12. The top row is

for pixels identified as modified, and the bottom row for the corresponding

control pixels. The red lines indicate a range of two standard deviations about

the mean of the distribution. Results are shown for domain sizes of 15, 50 and
100km.
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Figure 4.6: Cloud top temperature distribution for NOAA-14. The top row is
for pixels identified as modified, and the bottom row for the corresponding

control pixels. The red lines indicate a range of two standard deviations about
the mean of the distribution. Results are shown for domain sizes of 15, 50 and

100km.
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The fractional change in optical depth and droplet effective radius was also

computed for modified and non-modified pixels and the same range of domain

sizes. These results are plotted in Figures 4.7 and 4.8 and summarized in

Tables 4.5 and 4.6.

Table 4.5: Distribution of Fractional Change in Optical Depth

Domain Size mean std dev 95% CI

NOAA -12 15 km 0.03 0.14 0.00 0.06
50 km 0.02 0.14 -0.01 0.05
100 km 0.02 0.14 -0.01 0.05

NOAA -14 15 km 0.06 0.20 0.05 0.08
50 km 0.07 0.20 0.05 0.09
100 km 0.05 0.19 0.03 0.07

Table 4.6: Distribution of Fractional Change in Droplet Effective Radius

Domain Size mean std dev 95% CI

NOAA-12 15 km -0.22 0.07 -0.24 -0.21
50 km -0.23 0.08 -0.25 -0.22
100 km -0.22 0.08 -0.24 -0.21

NOAA-14 15 km -0.20 0.08 -0.21 -0.19
50 km -0.21 0.08 -0.22 -0.21
100 km -0.21 0.08 -0.22 -0.20
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Figure 4.7: Fractional change in optical depth and droplet effective radius for
NOAA-12. The top row is fractional change in optical depth, and the bottom
row is fractional change in droplet effective radius. The red lines indicate the

boundaries of a 95% CI for the mean of the distribution. Results are shown for
domain sizes of 15, 50 and 100 km.
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Figure 4.8: Fractional change in optical depth and droplet effective radius for

NOAA-14. The top row is fractional change in optical depth, and the bottom
row is fractional change in droplet effective radius. The red lines indicate the
boundaries of a 95% CI for the mean of the distribution. Results are shown for

domain sizes of 15, 50 and 100 km.



Visible optical depths seem to show a small increase on the order of 1-5%.

However, this change is at the edge of the limits of detection, even with the

large number of cases collected here. There is clearly a statistically significant

decrease in droplet effective radius. Contaminated clouds show effective

droplet radii that are approximately 2 tm smaller than their unpolluted

counterparts. This result was expected, as the difference in droplet size led to

the difference in 3.7-tm radiance that was used to identify the ship tracks.

Cloud top temperatures were also compared, but the difference between

modified and control pixels were statistically insignificant when compared to

natural background variability. No evidence was found for differences in the

distribution of mean cloud top temperature of modified and non-modified

clouds. This suggests that the ship tracks do not show an increase in cloud top

altitude as was suggested by Pincus and Baker (1994).

Contrary to expectations, the results show very little sensitivity to the domain

size used for selection of control pixels. Standard t-tests found no evidence of

difference in the distributions of optical depth or droplet effective radius

between the three domain sizes tested.
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As was shown in Chapter 2, given fixed liquid water amount, changes in

cloud droplet radius and optical depth are related by

(4.1)
r re

Some prior studies have shown instances of polluted clouds retaining water,

and thus showing an enhanced indirect effect, (Platnick and Twomey 1994;

Durkee et al. 2000) while others have shown that polluted clouds have less

liquid water than nearby nonpolluted clouds (Platnick et al. 2000), leading to a

reduced indirect effect as compared to the constant liquid water case.

Figure 4.9 and Figure 4.10 show plots of fractional change in optical depth as

a function of fractional change in droplet effective radius for NOAA-12 and

NOAA-14 respectively. The dashed line indicates the 1:1 ratio expected if

liquid water amount were to remain constant. The results shown here illustrate

instances of both enhanced and reduced indirect effects. A few ship track

segments show elevated liquid water amount compared to their nonpolluted

counterparts, but the majority appear to have reduced liquid water amount. An

alternative explanation for the reduced indirect effect observed for the majority

of ship track segments is the possibility of increased absorption of sunlight by

the aerosols provided by the ship exhaust plume. Increased absorption of



sunlight would counterbalance increased reflectivity due to an increase in

droplet number concentration. However, Eddington calculations based on the

potential aerosol burden produced by ship tracks indicate that absorption by

aerosols is much too small to completely account for the reduction of the

indirect effect observed (Coakley and Walsh, 2002).
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Figure 4.9: Fractional change in optical depth as a function of fractional change
in droplet effective radius for NOAA12. The dashed line indicates the

relationship expected given constant liquid water amount. Points below the line
indicate cases where a loss of liquid water is suggested, while points above the

line suggest an increase in cloud liquid water amount.
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Figure 4.10: Fractional change in optical depth as a function of fractional
change in droplet effective radius for NOAA 14. The dashed line indicates the
relationship expected given constant liquid water amount. Points below the line
indicate cases where a loss of liquid water is suggested, while points above the

line suggest an increase in cloud liquid water amount.



Chapter 5: Autocorrelation of Cloud Properties

As described above in Chapter 3, the initial expectation was that large

domain sizes for selection of control pixels would complicate the detection of

the fairly weak aerosol modification signal by including a higher degree of

background variability. To investigate the effect of domain size selection, data

sets were collected for domain sizes of 15, 50 and 100 km. Surprisingly, it was

found that the signal of aerosol modification was equally as difficult to isolate

from background noise in the smallest domain size data as in the largest. The

results presented in Tables 4.2 4.6 show very little sensitivity to domain size.

The 95% confidence intervals for the mean of visible optical depth, droplet

effective radius, and fractional change in optical depth and droplet effective

radius do not decrease in spread with decreasing domain size, as was expected.

Figures 5.1 5.8 show the standard deviations in segment average optical

depths for differing domain sizes. Each point represents the standard deviation

of optical depth for a given region sampled simultaneously at three control

domain sizes. Each plot is arranged with the larger control domain size on the

y-axis. The dashed line is the 1:1 line, and the dash-dot line a least-squares fit

line for the observed points. Since the large domain size is on the y-axis,

increasing variability with increased domain size would result in the plotted
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points falling above the 1:1 line. Points falling below the 1:1 line indicate

greater variability in the smaller control domain size set. Points on the 1:1 line

indicate equal variability for the two control domain sizes. Figures 5.1 5.4

show the correlation of standard deviation in ship track optical depth for various

control pixel domains for both NOAA-12 and NOAA-14 data. Comparisons of

ship track pixels should show a 1:1 correlation, as changing the domain size for

selection of control pixels does not alter the criteria for selection of ship track

pixels. As expected, for ship track pixels, the least-squares line falls fairly

close to the 1:1 line.

Figures 5.5 5.8 show the standard deviations in control pixel optical depths

for all three domain sizes for both NOAA-12 and NOAA-14 data. As control

domain size increases, and a wider variety of clouds are included in the control

sample, one would expect a concurrent increase in the variability of the

segments sampled. This increase in variability is seen in Figures 5.5 - 5.8

where the weight of the plotted points falls above the 1:1 line. This increase,

however, is quite small, and does not translate to a significant change in the

resulting confidence intervals.
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Figure 5.1: Domain size comparison for standard deviation in optical depth for
NOAA-12 ship track samples.
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Figure 5.2: Domain size comparison for standard deviation in optical depth for
NOAA-12 ship track samples.
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Figure 5.3: Domain size comparison for standard deviation in optical depth for
NOAA-14 ship track samples.
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Figure 5.4: Domain size comparison for standard deviation in optical depth for
NOAA-14 ship track samples.
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Figure 5.5: Domain size comparison for standard deviation in optical depth for
NOAA-12 control pixels.
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Figure 5.6: Domain size comparison for standard deviation in optical depth for
NOAA-12 control pixels.
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Figure 5.7: Domain size comparison for standard deviation in optical depth for
NOAA-14 control pixels.
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Figure 5.8: Domain size comparison for standard deviation in optical depth for
NOAA-14 control pixels.
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In order to further explain the unexpectedly small increase in variability with

increased domain size, an autocorrelation study of observed and retrieved

properties of marine stratus was also undertaken. The autocorrelation function,

P, of a spatial data set is defined as:

N-L-1

x)(xk -x)(xk+L

(5.1)k =0

N-1

(xk
x)2

k=0

where L is the lag, or separation distance, and N is the total number of

sequential points. The autocorrelation of a variable gives a measure of the

extent to which that variable at a given point is dependant on its values at

distant points. The autocorrelation is a function of the distance between the

points. An autocorrelation of zero for a given separation implies that two points

that distance apart are independent of one another. The autocorrelation length

is defined as the separation distance where the autocorrelation function falls

toV
le



The area contained within one pixel of AVHRR data increases with

distance from the center line of the image. Increased pixel area averages some

of the natural variability. Therefore, as pixel area increases, the autocorrelation

with nearby pixels will increase as well. Consequently, it was suspected that

the autocorrelation length for the forward and back-scattered limbs of the

AVHRR image might differ from those for the near-nadir view. Aerosols and

cloud droplets scatter light asymmetrically, with the solar zenith angle, satellite

zenith angle and relative azimuth angle affecting the radiance seen for any given

pixel. Owing to differences in viewing geometry, it was suspected that

autocorrelation lengths for forward and backscattered radiances might also

differ.

An automated routine was developed to process scenes of AHVRR data and

identify strips of continuously overcast pixels of a given length. Using NOAA-

14 passes from July 1999, 98 sets of 200-km long continuously overcast pixel

strips were identified and compiled. These pixel strips were used to generate

autocorrelation functions for the retrieved properties of optical depth, droplet

effective radius and cloud emission temperature. Figure 5.9 illustrates a sample

scene and the continuously overcast strips sampled. Strip selection was limited

to north/south strips, i.e. those with constant pixel area and sun-target-satellite

viewing geometry. Strips were chosen from regions free of ship tracks.
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Figure 5.9 Sample scene showiiig autocorrelation strips.

Figure 5.10 shows autocorrelation values calculated using nadir-view pixels,

defmed as those within a scan angle of 300 of center. This set shows an

autocorrelation length of -8 km for optical depth, -15 km for droplet radius and

-.22 km for cloud top temperature. The vertical error bars indicate a range of

two standard deviations from the mean. Figure 5.11 shows autocorrelation

values for pixels from the forward-scattered limb. Autocorrelation lengths for

the forward-scattered limb are very close to those found for nadir-view pixels, or

-8 km for optical depth, -15 km for droplet radius and -22 km for cloud top

temperature. The NOAA- 14 images used provided insufficient numbers of

contiguously overcast pixel strips for examination of autocorrelation length for

the back-scattered limb. This region of the image covers land, so obviously, no

marine stratus were present.
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Figure 5.10: Autocorrelation function for nadir-view pixels (scan angle within
300 of centerline). The vertical lines are error bars representing a range of two

standard deviations from the mean. Calculated using 33 samples of 200 km long
strips of continuously overcast pixels.
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Autocorrelation Function for ForwardScattered Pixels, n=26
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Figure 5.11: Autocorrelation function for forward-scattered pixels (scan angle
greater than 300 from centerline in forward scattered direction). The vertical
lines are error bars representing a range of two standard deviations from the
mean. Calculated using 26 samples of 200 km long strips of continuously

overcast pixels.



The autocorrelation lengths of 8-15 km suggest that control pixels should

ideally be limited to those that are very close to the modified pixels.

Autocorrelation lengths of less than 15 km justify the use of each 30 km track

segment as an independent observation for changes in droplet radius and optical

depth. The short autocorrelation lengths observed also explain the lack of

differences in the uncertainty of measured aerosol indirect effects for the three

domain sizes examined. The full range of background variability is almost

captured in the 15 km domain size. Increasing domain size does not add

significant variability to the control set. As a result, the widths of the 95%

confidence intervals for optical depth (r), droplet effective radius (re) and

fractional change in r and r do not increase with an increase in domain size

beyond the autocorrelation length. Using domain sizes smaller than the

autocorrelation length could serve to improve the signal-to-noise ratio for

measurement of the aerosol indirect effect, but also increases the risk of

contamination of the control set by inclusion of modified pixels.



Chapter 6: Conclusions

The examination of over 500 sets of averaged values of retrieved optical

depth and droplet radius for polluted marine stratus and neighboring non-

polluted stratus provided statistically significant evidence of a reduction of

cloud droplet radius of approximately 20% and corresponding increase in

visible optical depth of 0-5%. Changes in cloud top temperature were

insignificant compared to the natural background variability. The aerosol

indirect effect in ship tracks is generally less than would be expected given

constant liquid water content, suggesting a loss of liquid water in aerosol

modified marine stratus following aerosol modification.

Autocorrelation of cloud optical depth, droplet radius and cloud top

temperature retrieved from AVHRR data gives an autocorrelation length of -8

km for optical depth, -15 km for droplet radius and -22 km for cloud top

temperature. As a result of the relatively short autocorrelation lengths,

confidence intervals for the mean optical depth, droplet effective radius, and

fractional change in r and r, do not widen with increasing domain size. Most

of the background variability is apparently captured in the 15 km data set, and

so the signal-to-noise ratio does not worsen when domain size is increased. The

signal-to-noise ratio may improve if domain sizes smaller than the



autocorrelation lengths observed were used, but this leads to an increased risk

of contamination of the control set by pixels that have in fact undergone aerosol

modification. Since the smallest practical domain size is of comparable scale to

the observed autocorrelation length, the signal-to-noise ratio can not be

improved or worsened by changing the domain size used. Consequently,

even with the smallest domain size, a large number of examples must be

collected in order to identify the aerosol modification signal.
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