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ABSTRACT

On 13 July, 2002, the NASA WB-57F aircraft sampled its own condensation trail (contrail) near the tropopause between 15 and 16 km altitude during the Cirrus Regional Study of Tropical Anvils and Cirrus
Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE). In situ measurements of the contrail are used to estimate the net contrail radiative
forcing (CRFnet ).
The measurements show some fundamental differences between the
WB-57F contrail and contrails measured at commercial flight altitudes between 8 and 13 km altitude. The WB-57F contrail was characterized by
exceptionally high concentrations (on the order of 100 cm−3 ) of small (primarily < 3 µm diameter) ice crystals that grew very slowly despite large
(∼40%) supersaturations with respect to ice. Values for the ice crystal
effective radius re averaged slightly less than 1 µm over the ∼20 minute
sampling period; this value is considerably smaller than observed in previous studies. Mean ice water content W was about 0.7 mg m−3 with an
estimated ice water path W P of ∼0.1 g m−2 and a mean optical depth of
∼0.2.

Radiative transfer modeling with sensitivity experiments shows that ice
crystal size and water path W P are the most significant influences on
CRFnet at the top of the atmosphere (TOA). For small ice water paths
of ∼0.1 g m−2 , re correlates negatively with CRFnet . For larger ice water
paths (>1.0 g m−2 ), the correlation between re and CRF becomes positive.
Differences in CRFnet between the WB-57F contrail and lower altitude
contrails are therefore primarily a function of the observed differences in
re and the amount of water flux from the aircraft, which depends on the
size and type of aircraft and its fuel type and rate of combustion.
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CHAPTER 1
INTRODUCTION
Condensation trails from jet aircraft (contrails) have been a subject of
interest to military weather forecasters and pilots since World War II (Coleman, 1996; Sassen and Hsueh, 1998). More recently, the radiative and
climatic impacts of contrails have come under increased scrutiny because
they are human induced, and they are increasing significantly in both frequency and coverage (Marquart et al., 2003).
Since contrails are a subset of upper tropospheric (UT) cloud cover,
they are thought to alter the earth’s radiative balance in a similar fashion
to cirrus. Clouds near the surface of the earth tend to cause net cooling,
because they reflect a relatively high percentage of solar radiation back to
space and emit infrared (IR) radiation at temperatures similar to the earth’s
surface. The opposite is true for most cloud cover in the UT. Thin UT
clouds such as cirrus and jet contrails tend to cause a small net warming
effect (Hartmann et al., 1992): although they are relatively transparent
to solar radiation, they decrease the loss of IR radiation at the top of the
atmosphere (TOA) because they emit IR radiation at temperatures much
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lower than the earth’s surface.
The precise manner in which contrails alter solar and IR radiation fields
depends on their temperature, single-scattering properties and coverage.
Although recent field research has narrowed gaps in our understanding of
contrails, there still exist many uncertainties. Measurements of the sizes
of contrail ice crystals are uncertain by 20 to 30% (Baumgardner et al.,
1992; Spinhirne et al., 1998), and ice crystal shape and orientation is not
well resolved, resulting in corresponding uncertainties in radiative properties (Liou et al., 1998). Furthermore, while most researchers agree that
contrails tend to cause instantaneous net cooling at the surface versus net
warming at the TOA (Sassen, 1997; Wyser and Ström, 1998; Travis et al.,
2004; ), direct measurement of contrail perturbations to clear sky radiative fluxes is nearly impossible above the lower stratosphere. Therefore,
studies must rely on model calculations based on simplistic assumptions
and highly uncertain input parameters; hence the magnitude and sign of
climate perturbations from contrails remains unclear (Sassen, 1997).
1.1
1.1.1

Past observations of contrails
Retrieval methods

Until recently, remote sensing data have been the primary means of
observing the properties and evolution of contrails (Duda et al., 1998).
Traditionally, satellite data and ground based remote sensors have been
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used to retrieve contrail effective radius and optical depth (e.g., Spinhirne
et al., 1998; Meyer et al., 2002). The Subsonic Aircraft: Contrail and
Cloud Effects Special Study (SUCCESS), a multiaircraft field campaign
that took place over the central and western United States in April and
May 1996, expanded understanding of chemical, microphysical and radiative properties of contrails through combined remote sensing and in
situ measurements. Airborne platforms instruments included temperature,
pressure and humidity sensors and spectrometers for measuring ice crystal
size and density (Toon et al., 1998).
Good agreement was found between remotely sensed and in situ measurements. However, because mature contrails had properties similar to
cirrus, distinguishing between the two based on satellite observations was
difficult (Sassen and Hsueh, 1998; Spinhirne et al., 1998). While uncertainties in satellite and in situ measurements of particle size were similar
(Baumgardner et al., 1992; Duda et al., 1998), in situ measurements of
particle size tended to be smaller (Young et al., 1998).
1.1.2

Spatial properties and evolution

Contrail formation and evolution depends on the temperature, relative
humidity, wind shear, static stability and baroclinicity of its environment
(Chlond, 1998; Jensen et al., 1998; Kärcher, 2000; Duda et al., 2004).
Vertical wind shear usually spreads the plume about an order of magni-

4

tude more rapidly in the horizontal than in the vertical (Chlond, 1998). In
a supersaturated environment, contrails typically grow to about 0.5 to 1 km
in depth and a few km in width within about 1 hour (Jensen et al, 1998;
Spinhirne et al, 1998). Until precipitation becomes significant, the vertical spreading of the contrail depends primarily on aircraft wake dynamics
(Lewellen, 2001) and is also influenced by atmospheric stability (Chlond,
1998).
A contrail plume may rise or fall due to buoyancy-driven updrafts and
downdrafts, or radiative heating within the plume. In cases of substantial
rising or sinking, the contrail plume may become obliquely oriented with
respect to the horizontal plane (Jensen et al., 1998). Radiative heating
rates within the plume can reach 10 K day−1 and can lead to local updrafts
that lift the contrail core several hundreds of meters (Jensen et al, 1998;
Kärcher, 2000).
The evolution of the cross-sectional shape of the contrail is complex.
Chlond (1998) suggested a nearly elliptical cross-section that stretches
vertically over time due to gravitational settling of the largest ice crystals, with the center part of the plume stretching downward the farthest.
Gierens (1996) and Ström and Gierens (2002) show a similar pattern of
vertical settling in the center part of the contrail, in approximately a “U”
shape. In both the horizontal and vertical planes, ice crystals sort with
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time. Larger ice crystals have a higher mass to cross-sectional area ratio
and thus higher fall velocities, and they also tend to sort towards the horizontal periphery of the contrail with smaller particles in the contrail core
(Lawson et al., 1998; Spinhirne et al., 1998). This is probably due to turbulent processes within the contrail that force some ice crystals from the
core to the periphery, which has higher supersaturations and is more conducive to ice crystal growth (Heymsfield et al., 1998; Lawson et al., 1998).
The highest concentration of ice crystals generally remains in the center
of the plume as it evolves. Consequently, this is where optical depths tend
to be highest. The gradient in optical extinction tends to be positive vertically downwards and increases with time (Jensen et al., 1998; Ström and
Gierens, 2002).
While the spatial evolution of the plume depends mainly on ambient
conditions, the microphysical evolution is also influenced by aircraft fuel
type (Gierens, 1996; Ström and Gierens, 2002). For example, Ström and
Gierens (2002) showed that contrails forming from kerosene combustion
tend to have higher ice crystal concentrations and optical depths than those
that form from combustion of liquid hydrogen (LH2 ). This is because
kerosene has a higher molecular mass than H2 ; hence its combustion yields
a higher total water mass.
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1.1.3

Microphysical observations

The microphysics of contrail ice crystals are influenced by meteorological conditions both within and without the plume. Particle size, size
distribution, shape, orientation, spatial number density, and ice crystal
growth rates are influenced by the temperature and humidity in the contrail (Sassen, 1997; Liou et al., 1998; Lewellen et al., 2001). These microphysical properties in turn determine the degree of scattering of solar
radiation and absorption of terrestrial radiation by the contrail plume and
the magnitude and sign of its radiative forcing (Liou, 2002).
Table 1.1 summarizes and provides metadata for several previous contrail studies, and Table 1.2 shows mean values of effective radius re , ice
crystal number density N , ice water content W , optical depth τ and ice
water path W P from these studies. It is important to note that there is
great temporal and spatial variability in re in contrails. For example, in
contrails at 10 km altitude, Duda et al. (1998) observed, based on satellite
data, a mean re in the 7 to 11 µm range, with higher values of 15 to 17 µm
near the edges, for a contrail approximately 6 minutes of age. When the
contrail had matured to 44 minutes old, re had increased to 15 to 19 µm
in the contrail core. In most cases, ice crystals grew by about an order of
magnitude over a one-hour time scale following contrail formation (e.g.,
Liou et al., 1998; Sassen and Hsueh, 1998; Spinhirne et al., 1998; Meyer
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et al., 2002). Also, a correlation between T and re can be seen in Fig. 1.1.
This temperature-particle size relationship is mainly due to higher absolute humidities at lower altitudes that allow higher masses of water vapor
to diffuse onto the ice crystals (Ström and Gierens, 2002) and may also
be partially due to gravitational settling of larger particles. In addition,
homogeneous nucleation favors smaller ice crystals at colder temperatures
(Kärcher and Lohmann, 2002; Garrett et al., 2003).

Figure 1.1: Values of re plotted as a function of T based on data from
all authors listed in Tables 1.1 and 1.2 who give an effective radius at a
temperature of -50◦ C or colder; data from model studies are excluded. The
circles and squares represent data points from young and mature contrails,
respectively.
Ice crystal shape affects the relative amount of radiation forward versus
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Table 1.1: Details of previous contrail studies and the temperature at which
the studies were conducted. The contrail age, source and measurement
method are given. MASP, AWI, PCASP and FSSP refer to airborne instruments for particle size measurement.
Author(s)
Liou et al., 1998

T (◦ C)
-65.9

Baumgardner et al., 1998
Khvorostyanov
and
Sassen, 1998
Sassen, 1997

-63
-62

Liou et al., 1998
Goodman et al., 1998
Jensen et al., 1998 (1)
Sassen and Hsueh, 1998
Shröder et al., 2000

-61.1
-61
-61
-57
-57
-57

Gierens, 1996
Toon et al., 1998
Lawson et al., 1998
Shröder et al., 2000

-56
-55
-55
-54

Chlond, 1998

-53

Heymsfield et al., 1998
Jensen et al., 1998 (3)

-52
-50

Spinhirne et al., 1998

-50

Meyet et al., 2002
Minnis et al., 1998
Ponater et al., 2002
Marquart et al., 2003
Duda et al., 1998

-48
-41

Gayet et al., 1996

-62

Age (min.)
1

1
60
6
1
1
6
60
2
10

40
1
3
8
30
15
30
60
75
6
43

Source
North Dakota Citation
Boeing 757
model sim

Method
replicator

various commercial

lidar

Boeing 757
Boeing 757
model sim
NASA DC-8

MASP

AWI, MASP
lidar

Boeing 737

PCASP, FSSP

model sim
various
DC-8
Airbus 310

remote sensors
MASP
PCASP, FSSP

model sim
DC-8
model sim

lidar, MASP

ER-2, DC-8

lidar, satellite, in situ

various commercial
DC-8, commercial
various commercial
various commercial
unknown commercial
unknown commercial

satellite
satellite
satellite
lidar, satellite
lidar, FSSP-100
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Table 1.2: Values of effective radius re , number density N , ice water content W , optical depth τ and ice water path W P (calculated from the median values of re and τ ) from the contrail studies listed in Table 1.1.
Author(s)
Liou et al., 1998
Baumgardner et
1998
Khvorostyanov
Sassen, 1998
Sassen, 1997

W (mg m−3 )

200

10-100

3-5

1-10

2-5
20-30
13.3-15.9
1.9-2.3
1-3
1.5-5
20-30
1.0
2.7
20
6-10
20
1.2
1.7
5
20
1-10
5
10
20
25
7
20
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al.,
and

Liou et al., 1998
Goodman et al., 1998
Jensen et al., 1998 (1)
Sassen and Hsueh, 1998
Shröder et al., 2000
Gierens, 1996
Toon et al., 1998
Lawson et al., 1998
Shröder et al., 2000
Chlond, 1998
Heymsfield et al., 1998
Jensen et al., 1998 (3)

Spinhirne et al., 1998
Meyet et al., 2002
Minnis et al., 1998
Ponater et al., 2002
Marquart et al., 2003
Duda et al., 1998
Gayet et al., 1996

N (cm−3 )

re (µm)
4.9

6-13
12-15
12-13
5-15
20+

τ

W P (g m−2 )

1.6

0.15

0.37

2

0.07-0.42

1.53

0.2-0.5

1.72

0.1-0.3

0.61

3.5

0.5

2.15

0.3-3.0

0.11
0.3-0.4
0.15
0.15
0.1-0.5

1.84
1.24
1.15
1.84

6-13

2150
180

1100
290
300

3.9
3.7
2

3.2
2.0
60

10-100
3-20

10

10

backscattered (Liou, 2002). Relatively few contrail studies have focused
on this aspect of crystal habit, and among those that have, observations
have varied widely. Many authors (e.g., Spinhirne et al., 1998) assume
that contrail ice crystals are spherical. Meyer et al. (2002) have suggested
that ice crystals are quasi-spherical in young contrails, but as the contrail
ages and the ice crystals grow, they become increasingly non-spherical.
Alternatively, Liou et al. (1998) assumed 50% bullet rosettes, 30% hollow
columns, and 20% hexagonal plates with no spheres, for effective radii
on the order of 10 µm in contrails near 13 km altitude at a temperature
of -62.9◦ C based on measurements from a replicator system aboard the
NASA DC-8 aircraft. For small (2 µm) ice crystals formed at a similar
temperature, Goodman et al. (1998) assumed 75% hexagonal plates, 20%
hollow columns and 5% triangles also using replicator data. Bailey and
Hallett (2004) suggested that larger ice crystals (150 to 300 µm) at temperatures of -70◦ C and supersaturations of 25% are primarily columns,
needles, bullets and irregular shapes. Lawson et al. (1998) observed predominantly plates and columns with irregular and spheroidal shapes for ice
crystals < 20 µm and mostly columns and bullet rosettes for ice crystals
on the order of 100 µm, using a digital particle imager.
In general, the mean concentration of ice crystals decreases with contrail age (e.g., Jensen et al., 1998; Shröder et al., 2000; others). This rate of
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decrease depends on several factors, including the relative humidity over
ice within and without the plume and the rate at which new ice crystals are
generated from entrainment of ambient air (Jensen et al., 1998). Concentrations peak immediately following contrail formation and, though highly
variable from case to case, are usually on the order of 10 cm−3 . These values decrease to around 1 cm−3 for contrails 45 to 60 minute old (Spinhirne
et al., 1998).
Ice water content W usually decreases from a few mg m−3 to less than
1 mg m−3 with age (Spinhirne et al., 1998; Twohy et al., 1998) but also
varies greatly between cases. Gierens (1996) obtained values for W of
up to 10 mg m−3 in young contrails from numerical simulations, while
Khvorostyanov and Sassen (1998) observed a maximum W of 1.6 mg m−3
using ground-based lidar.
Mean optical depths τ in contrails typically peak in the 0.3 to 0.5 range
and decrease with age. Meyer et al. (2002) calculated a relatively small
optical depth of around 0.1, noting that there is a dependance of optical
depth on wavelength of transmitted radiation and that this dependance itself depends on particle shape and size distribution. However, Duda et al.
(1998) noted an increase in τ over time. Optical depths may exceed 1 for
some young contrails and for contrails in warm, rising airmasses (Gayet
et al., 1996; Meyer et al., 2002). A summary of values of τ from various
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researchers is given in Table 1.2.
1.1.4

Radiative effects

Most researchers have suggested that contrails have a small positive
net radiative forcing at the TOA, both regionally and globally. Over land
and ocean, respectively, Meyer et al. (2002) calculated a mean TOA summer CRF of 8.9 W m−2 and 9.9 W m−2 and a TOA winter CRF of 4.4
W m−2 and 8.4 W m−2 , assuming a whole-sky contrail coverage, a visible optical depth of 0.11, and land and ocean albedos of 0.2 and 0.05,
respectively, at 50◦ N latitude. Ponater et al. (2002) estimated a global
mean CRF of 0.4 mW m−2 for an assumed sky coverage of 0.07%, or
about a 0.6 W m−2 forcing for a whole-sky coverage, an order of magnitude smaller than typical estimates. Marquart et al. (2003) estimated a
global 2.3 W m−2 whole-sky CRF in 1992 and projected a forcing of 6.1
W m−2 for 2015 and 9.6 W m−2 for 2050, assuming a doubling in optical
depth over the next half-century. This forecast increase in optical depth
is due to an expected quadrupling in jet fuel consumption combined with
improved propulsion efficiency and a forecast increase in absolute humidities during this period. Sassen (1997) showed that substantial increases in
annual jet fuel consumption during the mid 1960s were concurrent with a
significant rise in annual mean surface temperature in the Salt Lake City,
Utah region. Contrails are thought to decrease the surface diurnal temper-
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ature range, through shortwave cooling during the daytime and longwave
heating during the nighttime (Sassen, 1997; Travis et al., 2004).
Many researchers assume a whole-sky coverage to simplify radiative
calculations, but the actual contrail CRF depends on the regional or global
sky contrail coverage. Contrail frequency varies depending on atmospheric
conditions, season, diurnal cycle, location, etc. (Minnis et al., 2003) and
is not easily estimated. Meyer et al. (2002) estimated about 0.1% annual
average contrail cover globally, but locally up to 3.0% annually averaged,
based on extensive satellite observations of contrails over much of Europe
and the northeastern Atlantic Ocean region, an area that historically has experienced the greatest frequency of contrail coverage. Ponater et al. (2002)
estimated a mean global contrail coverage of 0.07% to 0.09%. Mean sky
cover over the northeastern Atlantic and European region was estimated to
be 0.5% by Chlond (1998) and Travis et al. (1997) with a peak coverage of
about 2.0% over the transatlantic corridor (Chlond, 1998). Marquart et al.
(2003) estimated a global contrail coverage of 0.07%, with the highest coverage of 0.88% over Western Europe, followed by the United States with
0.75%. By 2015, contrail coverage is expected to approximately double
to 1.75% over Western Europe, 1.50% over the United States, and 0.15%
globally.
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1.2

CRYSTAL-FACE overview

The Cirrus Regional Study of Tropical Anvils and Cirrus Layers - Florida
Area Cirrus Experiment (CRYSTAL-FACE) was conducted during late
June and July of 2002. The primary scientific objective of the CRYSTALFACE mission was to enhance understanding of the characteristics of upper tropospheric cloud cover and its influence on the earth’s climate using
instrumentation not previously available (Jensen et al., 2004). Six aircraft, based at the Key West, FL Naval Air Station, were equipped with
instruments that obtained in situ measurements of the microphysical, radiative and spatial properties and evolution of tropical cirrus over the South
Florida peninsula and its surrounding waters. Flights were generally conducted every 2 days, depending on the meteorological conditions.
In addition to the airborne platforms, two ground sites were installed
for CRYSTAL-FACE research, one on the east coast and the other on
the west coast of the South Florida peninsula. These sites were equipped
with ground-based lidars, radars, and radiometers for additional monitoring of cloud properties and meteorological conditions. Radiosondes were
launched from PARSL, which was part of the western ground site. The
GOES-8 and -10, NOAA AVHRR and MODIS satellites were also used.
The NCAR S-band N-Pol radar was located at the western ground site,
where operations were performed to identify and guide the aircraft into
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clouds of research interest.
1.3

Study goals

Although CRYSTAL-FACE focused primarily on observing and measuring convective cirrus, contrails were also sampled. A contrail produced by NASA’s WB-57F aircraft in the tropopause on 13 July provided
a unique opportunity to study a persistent, spreading contrail that formed
at a higher altitude and in different atmospheric conditions than previously
observed. This contrail formed between 15 and 16 km altitude and at a
mean temperature of -75◦ C in a highly supersaturated (with respect to
ice) and stable atmosphere. The absence of ambient cloud cover allowed
for measurements closely representative of the contrail itself, and the instrumentation aboard the WB-57F permitted easy in situ measurement of
the cloud properties.
The primary objectives of this thesis are to:
• Identify the chemical, microphysical and single-scattering properties

of the WB-57F contrail.
• Study the physical structure and evolution of the plume in space and

time.
• Relate the contrail single-scattering properties to its perturbation of

clear-sky fluxes.
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• Compare the contrail’s properties, evolution and radiative effects with

those found in contrails studied previously at lower altitudes.
Chapter 2 will provide the theoretical background relevant to this case
study as a context for interpreting the results both quantitatively and qualitatively. Chapter 3 will discuss the WB-57F instruments that collected data
for this study and their functions and limitations. Chapter 4 will present
the data and observations from sampling of the WB-57F contrail. Chapter 5 will discuss the radiative effects of contrails with microphysical and
single-scattering properties from the 13 July case. Finally, Chapter 6 will
summarize the key findings from this study, compare the results with those
from other contrail studies, and suggest possible areas of future work.

CHAPTER 2
THEORETICAL BACKGROUND
2.1

Radiative properties

This section describes how ice crystal single scattering parameters relate to contrail radiative forcing.
The attenuation or ’extinction’ of a direct beam of radiation by atmospheric particles is proportional to the combined scattering and absorption
cross-sections (σs and σa ):

σext = σs + σa ,

(2.1)

where cross-sections are related to the projected area A normal to the beam
through the efficiencies Qs and Qa :
σs = Qs A

(2.2)

σa = Qa A.

(2.3)

and
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For transparent cloud particles large with respect to the wavelength Qa = 0
and Qs ≈ 2. The single scattering albedo ω0 is defined as:
ω0 =

σs
Qs
≈
,
σext
Qs + Qa

(2.4)

which represents the probability that a photon is scattered by a particle;
ω0 ≈ 1 if Qa = 0 and Qs ≈ 2. The extinction coefficient βext and optical
depth τ are related to σext by:

βext =

Z ∞
0

σext n(A)dA,

(2.5)

where n(A) is the concentration of particles with projected area A, and
τ=

Z z
t
zb

βext (z)dz,

(2.6)

where zb and zt are the base and top of the cloud, respectively. Note that
βext has units of inverse length, while Qs , Qa , ω0 and τ are dimensionless.
The angular distribution of radiation scattered by atmospheric particles
is expressed in terms of a phase function P (µ), where µ is the cosine of
the scattering angle. For studies of climate, only the first moment of P (µ)
or the asymmetry factor g is considered (Liou 2002), where:
1Z1
g=
P (µ)µdµ.
2 −1

(2.7)
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For perfectly symmetric (e.g., Rayleigh) scattering g = 0. For complete
forward scattering g = 1 and for complete backscattering g = −1.
The magnitude and sign of g depends on the size, shape and orientation of particles, and the wavelength of incident radiation (Lawson et al.,
1998). Mie theory predicts predominantly forward scattering by particles
much larger than the incident wavelength. For 10 µm diameter ice crystals
composed of 50% bullet rosettes and aggregates, 30% hollow columns,
and 20% plates, calculated values for g are around 0.8 for radiation at visible wavelengths (Liou, 2002). By comparison, measured values of g are
∼ 0.74 in Arctic cirrus (Garrett et al., 2001). The exact relationship between g and crystal habit remains uncertain due to difficulties in relating
scattering to ice crystal shape.
The net radiative forcing at the top of the atmosphere (TOA) by a contrail CRFnet is defined as the sum of the net solar forcing CRFnetsw and
the net infrared forcing CRFnetlw :

CRFnet = CRFnetsw + CRFnetlw ,

(2.8)

CRFnetsw = SWnetobs − SWnetclear

(2.9)

where
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and

CRFnetlw = LWnetobs − LWnetclear

(2.10)

where, SWnetobs and SWnetclear are the observed and the clear-sky net solar
fluxes, respectively and, LWnetobs and LWnetclear are the observed and the
clear-sky net infrared fluxes, respectively (Key, 2001).
Larger values of τ correspond to larger absolute values of CRFnetsw
and CRFnetlw (Hartmann, 1994; Liou, 2002). At small optical depths (e.g.,
τ = 0.1) CRFnet is usually positive in contrails because |CRFnetlw | >
|CRFnetsw |. For small values of τ , the values of CRFnet and τ are positively correlated, because |CRFnetlw | increases more rapidly than |CRFnetsw |.
The value of CRFnet is maximized at a certain “critical” value of τ , which
if surpassed, |CRFnetsw | increases more rapidly than |CRFnetlw |. The sign
of CRFnet changes when |CRFnetsw | > |CRFnetlw | (e.g., Sassen, 1997;
Garrett et al., 2003).
For radiative flux calculations, usually only ω0 , τ and g are considered.
There exist many algorithms for determining net shortwave and longwave
radiative fluxes and CRFnet based on these parameters. Here, the radiative
transfer model Streamer (Key, 2001) is used. Further description of this
model is provided in Section 5.1.
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2.2
2.2.1

Contrail formation and microphysics
Contrail formation

Contrails form due to enhanced relative humidities from the mixing of
warm, moist exhaust gases with ambient air. Water vapor within the plume
deposits or ’freezes’ on aerosols that are either preexisting or emitted by
the aircraft following fuel combustion. Fig. 2.1 shows the thermodynamic
relation for the formation of contrails with regards to temperature and water vapor partial pressure inside the plume. Aircraft exhaust emitted at
point A (with water vapor partial pressure and temperature well outside
the graph) will cool and dry as it mixes with the ambient air. The mixture
will stop cooling and drying when its temperature and water vapor partial
pressure are in equilibrium with the ambient air, represented by point B
(which is reached asymptotically for a constant atmospheric state). The
point at which the line formed between points A and B initially crosses the
liquid water saturation curve represents initial contrail formation. If this
line crosses the ice saturation curve, the contrail ice crystals will sublimate,
in the absence of secondary radiative or dynamical effects (Kärcher, 2000).
Should the air parcels remain saturated with respect to ice for an extended
period of time, a persistent contrail may develop (Schröder, 2000).
Fig. 2.2 shows the threshold ambient temperature T and saturation ratio Sa for contrail formation in both tropical and mid-latitude atmospheres.
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Figure 2.1: Diagram showing H2 0 saturation vapor pressures with respect
to liquid water (solid curve) and ice (dashed curve). Line A-B (shown in
red) represents an air parcel inside a contrail plume mixing isobarically
with the cooler and drier ambient air as the contrail ages. The tangent line
(blue) paralleling the red line is used to derive the threshold temperature
for contrail formation. T− is the threshold temperature for formation in
dry air, and T+ is the threshold temperature for formation in saturated air
(from Kärcher 2000).
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At any flight altitude below the altitude of intersection of the mid-latitude
and tropical profiles in Fig. 2.2 (∼200 mb), contrails require a lower ambient humidity to form at mid-latitudes than in the tropics. However, at
flight levels above this altitude, the opposite is true because the tropical
tropopause is colder, and contrails will always form for any value of Sa .

Figure 2.2: Diagonal curves representing pressure altitudes of contrail formation at a given ambient temperature, parameterised by the ambient H2 O
saturation ratio (relative humidity divided by 100%) required for contrail
formation. Standard (mid-latitude) and tropical atmospheric profiles obtained from Hartmann (1994) are superimposed on the plot and labeled
“A” and “B”, respectively (adapted from Kärcher 2000).
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2.2.2

Contrail microphysics

A characteristic radiative length scale often used to relate cloud mass
to its optical properties is its “effective radius” re . Assuming particles are
spherical, re can be defined as the third moment (total volume of cloud
matter) divided by the second moment (total cross-sectional area) of the
size distribution (Stephens et al., 1978):
re =

R∞
3
0 πn(r)r dr
.
R∞
2 dr
πn(r)r
0

(2.11)

An equivalent, but more general definition of re suitable for all shapes is
proportional to the ratio of the water content W and the optical extinction
coefficient βext . If the extinction efficiency Qext is 2, as is the case for
particles that are large with respect to the wavelength of incident radiation,
then

re =

3W
,
2ρβext

(2.12)

where ρ is the bulk density of ice or liquid water.
Alternatively,

re =

3W P
,
2ρτ

(2.13)
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where
WP =

Z z
t
zb

W (z)dz.

(2.14)

Thus a contrail with a high total scattering cross-sectional area has a smaller
re for equivalent mass and therefore scatters incident radiation more effectively.
Ice crystal size distributions change constantly, due to variability in
temperature, humidity, and wind fields. Ice crystals grow by either water
vapor diffusion or aggregation. In the case of contrails, ice crystal growth
occurs primarily due to deposition of water vapor in supersaturated conditions. Aggregational growth is insignificant due to the low relative fall
velocities of the ice crystals and the low probability of collisions that stick
at very low temperatures (Gierens et al, 1996).
The condensational (depositional in the case of ice) growth rate equation for a hydrometeor within a supersaturated environment is (Rogers and
Yau, 1989):
r(t) =

r³

´

(r0 )2 + 2ξt ,

(2.15)

where r is the particle radius, r0 is the initial radius, t time, and
ξ=r

dr
(S − 1)
≡
,
dt
(Fk + Fd )

(2.16)

where S = e/es (T ) is the ambient saturation ratio. For particle sizes of at
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least several tens of µm, a radiative heating term should also be included in
Eq. 2.16. However, for the low radiative heating rates found in contrails,
this term is negligible (Chlond, 1998). Fk and Fd are the thermodynamic
heat conduction and vapor diffusion factors, respectively. Fd is defined as
Fd =

ρi Rv T
.
Dvm es (T )

(2.17)

Rv is the specific gas constant for water vapor, T is the temperature in
degrees Kelvin, ρi is the density of ice, es is the ambient saturation vapor
pressure, and Dvm is the modified diffusivity parameter of water vapor in
air (Pruppacher and Klett, 1989). For high altitudes and cold temperatures,
Fd >> Fk .
The modified diffusivity parameter Dvm is expressed as follows:
Dvm =

·

Dv
r
r+Cλ

+

Dv
rαc

r

2πMw
Rd T

¸,

(2.18)

where
λ = λ0 (

P0 T 1.94
)( ) ,
P T0

(2.19)

where λ0 = 0.064 µm is the mean free path of air at STP, C = 0.7, and r
is the particle radius in µm. Dv is the diffusivity of water vapor in air, Rd
is the specific gas constant of dry air, Mw is the molecular mass of water,
and αc is the deposition coefficient, which is not well constrained for ice.

27

The modified diffusivity is used here to account for kinetic limitations to
the growth of particles smaller than 1 µm radius (Pruppacher and Klett,
1997).

CHAPTER 3
MEASUREMENTS
The WB-57F (Fig. 3.1) was equipped to measure in situ upper tropospheric chemistry, cloud and meteorological properties. During the flight
on 13 July, 2002, the WB-57F measured these properties within its own
contrail at the tropopause between 15 and 16 km altitude. Mean air speeds
were about 190 m s−1 during contrail sampling. The WB-57F flew along
the length of the contrail over a period of ∼20 minutes between 1932 and
1952 UTC.
Table 3.1 summarizes the instruments aboard the WB-57F. Details of
these instruments are presented in this chapter.
3.1

Chemistry

The Ames Research Center Argus instrument took in situ measurements of carbon monoxide (CO) with a data acquisition rate of 0.5 Hz.
The Argus is an absorption spectrometer that operates in rapid-scan, simple harmonic mode and uses frequency modulated tunable lead-salt diode
lasers to emit infrared (IR) radiation through a Herriott cell. The preci-
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Figure 3.1: The NASA WB-57F used during the CRYSTAL-FACE mission.
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Table 3.1: Instruments aboard the NASA WB-57F
Variable(s)
Aircraft velocity
and position

Instrument
Global positioning
system

Temperature,
pressure and wind
fields
Relative humidity

Meteorological
Measurement System

NASA Ames
Research Center

Laser hygrometer

Extinction
coefficient
Aerosol size
distribution

Cloud integrating
nephelometer
Cloud aerosol
precipitation
spectrometer
Argus instrument

Jet Propulsion
Laboratory
Gerber Scientific,
Inc.
Droplet
Measurement
Techniques
NASA Ames
Research Center
NASA Goddard
Space Flight Center

Carbon monoxide
(CO)
Carbon dioxide
(CO2 )

High-altitude
fast-response CO2
analyzer

Manufacturer
NASA WB-57F
Navigation System
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sion of the instrument depends on atmospheric pressure and is 1.1 ppbv
at 268 mb and 2.2 ppbv at 77 mb. Assuming this increase in precision
with altitude is linear, the precision at the altitude of the 13 July contrail
(∼125 mb), is ∼2.0 ppbv. The accuracy of the Argus instrument is 3%
(CRYSTAL-FACE website).
The instrument used to measure Carbon Dioxide (CO2 ) was the NASA
Goodard Space Flight Center’s High-Altitude Fast-Response CO2 Analyzer. In situ CO2 concentrations were measured using a light source, gas
cells, and a solid-state detector from a modified nondispersive infrared
CO2 analyzer. The CO2 mixing ratio of air flowing through the sample
gas cell is determined by measuring absorption of IR radiation (4.26 µm)
relative to a reference gas of known concentration. Both the accuracy and
precision of the instrument are 0.1 ppm at a measurement frequency of 0.5
Hz (CRYSTAL-FACE website).
3.2

Microphysical and bulk properties

Size distributions of atmospheric particles were measured using the
Droplet Measurement Technologies (DMT) Cloud Aerosol Precipitation
Spectrometer (CAPS). The CAPS combines the Cloud Aerosol Spectrometer (CAS), which sizes particles between 0.5 and 50 µm diameter, with
the Cloud Imaging Probe (CIP), which images particles larger than 25 µm
diameter (Baumgardner et al., 1992). Because virtually all ice crystals
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within the contrail studied were less than 10 µm diameter, only CAS measurements are described here.
The measurement principle of the CAS is similar to that of the Forward
Scattering Spectrometer Probes (FSSP) Models 100ER and 300, widely
used in the past by researchers measuring clouds. The FSSP infers particle
size from measurements of the intensity of radiation scattered between 4◦
and 12◦ by hydrometeors based on Mie theory calculations (see Fig. 3.2).

Figure 3.2: FSSP-300 theoretical Mie scattering curves for different indices of refraction, relating scattering intensity to particle size (from
Baumgardner et al., 1992). Pure ice has a refractive index of of 1.31.
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The CAS bins particles into 30 bins between 0.52 and 44.3 µm. Fig.
3.2 shows that especially between 1 and 5 µm diameter, converting scattering intensity to particle size can be ambiguous. Because this ambiguity appeared to cause an artificial spike in the concentration of ice crystals
around 1 µm, five bins between 0.98 and 2.70 µm were combined. Furthermore, although small crystals are likely to be quasi-spherical (Spinhirne et
al., 1998; Meyer et al., 2002), deviations from an assumed spherical shape
can lead to biases in size calculations (Baumgardner et al., 1992). Baumgardner et al. (1992) estimate a total sizing uncertainty of about 30% based
on combined uncertainties associated with Mie scattering ambiguities, ice
crystal shape and variable laser beam intensity.
The optical extinction coefficient βext was calculated using measurements from a Gerber Scientific, Inc. Cloud Integrating Nephelometer
(CIN) (Gerber et al., 2000). The CIN integrates the phase function (Eq.
2.7) over all scattering angles between 10◦ and 175◦ to obtain βext . The
fraction of light scattered outside of the angular domain of the CIN is estimated to be 0.57±0.02 (Gerber et al., 2000). A 635 nm laser beam light
scattered by atmospheric particles is measured using four Lambertian sensors that act as photomultipliers (see Fig. 3.3). Due to excess light leakage
and photomultiplier shot noise, the threshold detection is about 0.4 km−1 .
The error for clouds twice as optically thick reduces to about 15%. The
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sampling frequency of the CIN is 1 Hz and the sampling volume is 3 L per
m s−1 flight speed (∼ 0.6 m3 s−1 for this study).

Figure 3.3: Schematic diagram (not to scale) representing a side view of
the CIN instrument. A 635 nm laser beam is scattered by airborne particles into four Lambertian sensors (labeled S1 through S4) that consist of
a light-diffusing disk and a photomultiplier. S1 and S3 measure forward
scattered light, while S2 and S4 measure backscattered light. Both S3 and
S4 measurements are weighted by the cosine of the scattering angle using
a cosine mask (from Gerber et al., 2000).
The CIN instrument has uniform response to ice crystals between 4 µm
and 2.5 mm diameter, but overestimates optical extinction from particles
less than 4 µm diameter (Fig. 3.4). This is because small ice crystals have
similar sizes to the wavelength of the laser and increase the percentage
of light that is backscattered to the sensors. The fractional overestimate
F depends on re according to the third-order equation (T. Garrett, pers.
comm.):
F = −0.027re3 + 0.30re2 − 1.0re + 2.3.

(3.1)

35

Figure 3.4: Plot of the overestimation of extinction by the CIN in contrails
as a function of particle size, based on the size distribution for the 13 July
contrail case and the corresponding equation of correction (from T. Garrett,
pers. comm.).
The correct value of βext in clouds where the diameter of the ice crystals
is predominantly less than 4 µm is therefore βext /F . Because this is the
case in the 13 July contrail event, future references to “βext ” refer to the
corrected value.
3.3

Meteorological and geographical measurements

Relative humidity data were obtained using the Jet Propulsion Labo-
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ratory (JPL) near-infrared spectrometer. The spectrometer contains a tunable diode laser light source, operating at a wavelength of 1.37 µm, and
an open-path multipass Herriott cell for high precision (±0.05 ppmv) H2 O
detection over a 2-s measurement integration period. The instrument is
accurate to within ±5 % (R. May, 1998).
The Meteorological Measurement System (MMS) instrument was used
to measure ambient pressure, temperature, and wind fields, and the position, orientation and velocity of the aircraft. The instrument contains three
major components: An air motion sensing system to measure the velocity
of the air with respect to the aircraft (true air speed or TAS); a Litten LTN72 inertial navigation system (INS) to measure the velocity of the aircraft
with respect to the earth (ground speed); and a data acquisition system
to sample, process and record the measured quantities at a sampling frequency of 1 Hz. The air motion system consists of sensors that measure
temperature, pressure and airflow angles with respect to the aircraft (Scott
et al., 1990).
Wind vectors were derived from a combination of the air motion system
and INS data and calculations. The main sources of error are inaccuracies
in attitude (pitch, roll and heading) measurements, which can cause erroneous TAS readings. Because the TAS is an order of magnitude larger
than horizontal wind speed, small errors in TAS lead to relatively large
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errors in wind fields. The precision of the instrument is 0.1 mb, 0.1 K,
and 0.1 m s−1 for pressure, temperature, and horizontal and vertical wind
velocity measurements, respectively; the accuracy is ±0.03 mb (∼0.5 %),
±0.3 K (∼0.2 %), ± 1 m s−1 (∼3.3%) and ∼0 m s−1 for pressure, temperature, horizontal wind, and vertical wind, respectively (Scott et al., 1990).
Flight coordinates (latitude, longitude, and altitude) were also taken from
the INS, which contains an imbedded Global Positioning System (GPS).

CHAPTER 4
CONTRAIL CASE OBSERVATIONS
On 13 July, 2002, the WB-57F produced a contrail as it flew westward
over the southwest coast of Florida gradually descending from about 16
to 15 km altitude over a ∼20-minute period between 1908 to 1928 UTC
covering a horizontal distance of ∼220 km. The aircraft then circled back
(see Fig. 4.1) to sample its contrail between 1932 and 1952 UTC as it flew
eastward along the plume’s length.
Fig. 4.1 shows photographs looking westward of the WB-57 forming
and sampling its contrail. Fig. 4.1 c) and d) show a new contrail forming
within the initial contrail, which had spread horizontally between 1 and
1.5 km (see Sec. 4.4) in the intervening of ∼25 minutes.

4.1

Case meteorological conditions

Ambient temperature, humidity and wind shear determine a contrail’s
properties and evolution (Jensen et al., 1998; Kärcher, 2000; others). Fig.
4.2 shows an atmospheric sounding obtained as the WB-57F descended
from the lower stratosphere (∼20 km) to the surface on its descent into
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Figure 4.1: a) Generation of the WB-57F contrail; b) Initial WB-57F penetration (sampling) of its plume; c) Generation of a new contrail within the
sampled plume; and d) Spreading of the original plume after ∼25 minutes.
The photographs were taken from the Twin Otter aircraft as it flew beneath
the contrail at about 1 km altitude. The photos were taken about 5 minutes
apart.
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Key West.

Figure 4.2: Vertical profile of the upper troposphere and lower stratosphere
taken from the WB-57F during its initial descent into Key West: a) temperature and relative humidty (over ice), b) potential temperature θ, c) horizontal wind speed V and d) cardinal wind direction φ. The horizontal
lines at 15.1 and 15.9 km represent the bounds of contrail formation.
The sampled contrail formed between 15.1 km and 15.9 km altitude
above a stable and cloud-free portion of the upper troposphere. The UT
was particularly conducive to contrail formation and persistence due to
high ambient values of RHi , which ranged between ∼180% at 15.1 km
and ∼100% at 15.9 km altitude.
The potential temperature gradient dθ/dz ranged from ∼2.5 K km−1 in
the UT to ∼25 K km−1 above 15.4 km. Vertical wind shear dV /dz was
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about 2.0 × 10−2 s−1 . The Richardson number Ri , defined as
Ri =

g dθ
T dz ,
2
( dV
dz )

(4.1)

where g is the gravitational constant 9.8 m s−1 and T is the temperature,
was equal to about 10 at the altitude of the contrail, which suggests that
high atmospheric stability had effectively supressed shear-generated turbulence within the contrail.
4.2

Contrail identification and age

The WB-57F sampled the length of its plume between 1932 and 1952
UTC. Because the WB-57F contrail formed in clear air, perturbations in
the number density N of small ice crystals < 3 µm indicate where the
contrail plume was sampled. Ambient aerosol concentrations were generally < 0.1 cm−3 , while values of N in the contrail were on the order
of 100 cm−3 ; hence N and the perturbation ∆N are used interchangably
here. Perturbations in CO, a by-product of fuel combustion, were calculated using as a baseline a spline curve fit through values in clear air. These
are concurrent with perturbations in light extinction βext . Fig. 4.3 shows
measurements of N , βext and CO in the contrail as a function of contrail
age.
Multiple penetrations of the contrail by the WB-57F resulted from the
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Figure 4.3: Plot of the ice crystal number density N , extinction coefficient
βext and CO concentration and their perturbations as the WB-57F flew
through the length of its contrail on 13 July, 2002. The dashed line in the
bottom plot represents values for CO using a spline curve through values
in clear air.
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plume “buckling” along its central axis (Fig. 4.1). The age of the contrail
at each penetration was calculated by temporally and spatially aligning the
contrail sampling leg of the flight with the corresponding contrail producing leg and using MMS wind and coordinate data. The age of the contrail
at the first penetration (the time taken for the WB-57F to produce the elliptical contrail in Fig. 4.1) was 268 s with an estimated uncertainty of
about 10 s. The greatest source of uncertainty is the high temporal and
spatial variability of the horizontal wind that results in uncertainty in the
magnitude and direction of contrail advection.
4.3

Ice crystal flux from the WB-57F

The WB-57F consumes JP-5 fuel, chemical composition C10 H19 , at a
mean rate of 0.33 kg s−1 (B. Barnett, private comm.). The main combustion
products are CO2 and H2 O (vapor) combined with trace quantities of O2 ,
O, CO, H2 and H (Way et al., 1999). The balanced chemical equation for
combustion of JP-5 is
4C10 H19 + 59O2 → 40CO2 + 38H2 O.

(4.2)

The correlation between the measured concentrations of ice crystals
Nice and CO shown in Fig. 4.3 is used here to estimate the total flux Jice
of ice crystals from the WB-57F (per second). This flux estimate provides
a means to estimate the contrail plume horizontal spreading and vertical
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depth.
The flux Jice is estimated from the rate of fuel combustion and perturbations of CO2 within the plume. Unfortunately, direct measurements of
CO2 were not taken on 13 July due to instrument failure; however, here we
estimate CO2 perturbations based on the measured perturbations in CO,
assuming proportionality F1 between CO2 and CO in the combustion byproducts. The value of CO2 on 13 July is estimated from measurements of
CO and CO2 in a WB-57F contrail plume sampled on 23 July at an altitude
of 13.8 km and a temperature and pressure of -65o C and 162 mb, respectively. The value of F1 , the ratio of perturbations of CO2 to CO, in the 23
July contrail was equal to about 35.
The value for Jice was calculated by:
Jice = JJP 5 FM FN ,

(4.3)

where JJP 5 is the flux of JP-5, FM is the mass ratio of CO2 to JP-5 as
predicted by Eq. 4.2, and FN is the ratio of ∆Nice to ∆CO2 (divided by
the density of CO2 in air). This calculation yielded a value for Jice of
7.6 × 1014 s−1 . The corresponding number of ice crystals emitted per unit
mass of fuel burned Jm is 2.3×1015 kg−1 . This value of Jm is considerably
higher than values of Jm reported by Paladino et al. (1998) in a NASA
B757 plume, by Gierens et al. (1996) using numerical simulations, and
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by Jensen et al. (1998) also using numerical simulations (by one, two
and three orders of magnitude, respectively). On the other hand, the above
value of Jm is similar (within a factor of two) to those found in many earlier
studies of contrails from commercial aircraft such as the Boeing 737 (e.g.,
Anderson et al., 1998; Shröder et al., 2000; Spinhirne et al., 1998; Ström
and Gierens, 2002).
The estimated uncertainty in measured values of Nice is about 25%
(Baumgardner et al., 1992), but the uncertainty in Jice may be much higher,
because these calculations assumed that all ice crystals in the contrail originated only from aerosols emitted by the WB-57F, and not from entrainment by ambient air (Jensen et al., 1998). Here we also assumed that all
aerosols emitted by the WB-57F become activated as condensation nuclei.
While Anderson et al. (1998) assumed that only one-third of all aerosols
emitted from commercial aircraft between 9 and 12 km altitude became
activated, the probability of nucleation becomes very high for the low temperatures and high supersaturations observed here (Kärcher, 2000).
4.4

Spatial properties and evolution

The vertical depth ∆z of the WB-57F contrail was not directly measured. However, assuming the contrail has a rectangular cross-section, ∆z
can be estimated based on the plume’s width w, the flux of ice crystal nuclei from the WB-57F Jice , the ice crystal number density N and the true
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air speed of the aircraft v:
∆z =

Jice
,
N vw

(4.4)

where Jice and v are 7.6 × 1014 s−1 and 191 m s−1 , respectively, and N is
the mean concentration of ice crystals measured in the contrail (see Fig.
4.4). We estimate the width of the contrail w by calculating the diameter
of the loop (assuming it is circular) shown in Fig. 4.1 based on the mean
speed of the aircraft and the time taken to complete the full loop. From
this calculated loop diameter (∼16.6 km) and the ratio of the number of
photograph pixels in the diameter to the width of the contrail, we infer an
initial plume width of ∼200 m. The value of w increased to about 1.5 km
when the contrail was ∼30 minutes old.
From Eq. 4.4, the corresponding initial contrail depth ∆z is ∼150 m.
Previous studies indicate that most contrails spread horizontally from a
few hundred meters shortly after formation to a few km over a 30- to
60-minute period (Jensen et al., 1998; Khvorostyanov and Sassen, 1998;
Sassen, 1997, Spinhirne et al., 1998). Meanwhile, ∆z is usually ∼100 m
shortly after formation and increases to about 0.5 km after 30 to 60 minutes (Chlond, 1998; Jensen et al., 1998; Ponater et al., 2002; Sassen, 1997;
Spinhirne et al., 1998). Therefore, the calculated initial plume dimensions
are fairly consistent with earlier observations.
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Figure 4.4: From top to bottom: Ice crystal effective radius re , number
density Nice , extinction βext , and the relative humidity over ice RHi are all
plotted against contrail age in minutes.
This method for calculating ∆z assumes that the total number of ice
crystals inside the plume is conserved, i.e., it does not account for nucleation of new ice crystals as the contrail evolves. The contrail width w
increased much more rapidly (by about a factor of 8 over 30 minutes) than
N decreased (from about 150 to 50 or by a factor of 3 over 30 minutes)
(Fig. 4.4). Mathematically this may be interpreted as implying a nearly
three-fold decrease in plume depth over time; however, previous observations of contrails indicate that this is unlikely: plumes spread. Rather, we
hypothesize that the depth of the plume remained relatively constant, but
that new ice crystals were being rapidly nucleated in ambient air entrained
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into the contrail and forced upward by updrafts (Jensen et al., 1998). It
is important to note that the rate of decrease in N may be underestimated
here; we assumed a linear decrease (Fig. 4.4). Some authors (e.g., Jensen
et al., 1998; Kärcher, 2000) have estimated initial ice crystal concentrations as high as 105 cm−3 , suggesting an exponential decrease.
Based on the respective uncertainties in N and w of 25% and 30%,
the estimated uncertainty in the calculated initial ∆z is ∼40%. Additional
uncertainty may be introduced from the assumption that the plume’s cross
section is rectangular: modeling studies have shown that contrail cross
sections evolve into complex shapes more closely resembling figure-eights
or ellipses for young contrails and triangles, trapezoids or “U” shapes for
mature contrails more than a few minutes old (Chlond 1998; Jensen et al.,
1998; Ström and Gierens, 2002).
4.5

Microphysical and bulk properties

This section presents and discusses measurements for the microphysical and bulk properties of the ice crystals as the contrail evolved. Fig. 4.4
shows all of these properties with respect to contrail age.
4.5.1

Ice crystal size

Fig. 4.5 shows size distributions of the WB-57F contrail ice crystals.
The size distributions represent averages of the first and second halves of
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the contrail penetrations shown in Fig. 4.4. The mean ages were ∼10
minutes and ∼30 minutes, respectively.

Figure 4.5: Size distribution of ice crystals inside the contrail when it was
10 minutes old (solid line) and 30 minutes old contrail (dashed line).
Contrail ice crystals were predominantly smaller than 3 µm diameter,
but as the contrail aged, the concentrations of ice crystals larger than 3
µm increased, while the relative number of ice crystals smaller than 3 µm
decreased. No ice crystals larger than 8 µm diameter were observed. The
total initial concentration N of ice crystals was ∼150 cm−3 decreasing to
∼50 cm−3 after 45 minutes. Although some authors (e.g., Baumgardner et
al., 1998; Chlond, 1998; Heymsfield et al., 1998) report similar values of
N in contrails, the concentrations of ice crystals in the WB-57F contrail are
an order of magnitude higher than those observed in most previous studies
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(e.g., Goodman et al., 1998; Jensen et al., 1998; Khorostyanov and Sassen,
1998; Sassen, 1997; Twohy et al., 1998). Assuming total water inside the
plume is conserved, the relatively high values of N in the WB-57F contrail
are consistent with the small ice crystal sizes that were measured.
Assuming the ice crystals were spherical, the mean effective radius re
calculated for each plume penetration was based on the measured size distributions. Values of re increased slowly from 0.7 µm for young contrails
less than 10 minutes old to about 1.0 µm for mature contrails greater than
30 minutes old. Observed values of re were an order of magnitude smaller
than those observed previously in contrails measured at lower altitudes
(e.g., Jensen et al., 1998; Lawson et al., 1998; Marquart et al., 2003) (see
Table 1.1).
Ice crystal growth rates were unusually slow considering the saturation
ratio with respect to ice was ∼1.4 inside the plume. In a supersaturated
environment, ice crystals grow according to Eq. 2.15. A least-squares fit
to the re data points (shown in Fig. 4.4) yields the equation
q

re (t) = (0.49 + 1.3 × 10−2 t),

(4.5)

where t is in minutes. However, according to Eq. 2.15, if the contrail ice
crystals grew due to the observed saturation ratio, then
re (t) ≈

r³

´

(r0 )2 + 0.1t .

(4.6)
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The reason for the large discrepancy between theoretical and observed
growth rates is not clear. Gao et al. (2003) have proposed that nitric acid
trihydrate (NAT) can raise the equilibrium saturation ratio over ice to over
1.3. NAT or NAT-like molecules form at temperatures below 202 K when
HNO3 (nitric acid) combines with surface H2 O molecules. The NAT inhibits uptake of atmospheric H2 O onto ice surfaces more than it inhibits
ice crystal sublimation. The observed saturations of ∼1.4 are only slightly
above equilibrium saturation ratios proposed for NAT conditions and are
therefore more consistent with observed gradual growth of the ice crystals.
4.5.2

Bulk properties

From Eq. 2.12, the ice water content W is a function of the extinction
coefficient βext and effective radius re :
2
W = re ρβext .
3

(4.7)

Average values of βext and W inside the contrail were about ∼1.5 km−1
and ∼0.7 mg m−3 , respectively. There was no obvious trend in either βext
or W as the plume evolved. These magnitudes and trends are most similar
to those from researchers (e.g., Khvorostyanov and Sassen, 1998; Twohy,
1998) who observed ice crystal sizes similar to those shown in this study.
Although Eq. 4.7 assumes Qext = 2, which may not have been the case
here because the incident wavelength and ice crystal sizes were similar,
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these estimates of W appear to be fairly accurate. Mean values of W from
the Harvard Total Water instrument, which directly measured W at 0.1 Hz
within 5% accuracy, indicate W = 0.9 mg m−3 in the contrail.
Optical depth τ is derived from the extinction measurements and vertical depth estimates (from Sec. 4.4) according to Eq. 2.6. Assuming
the estimated vertical thickness of 0.15 km, the mean value of τ generally
was ∼0.2, which is typical for contrails (e.g., Duda et al., 1998; Minnis
et al., 1995; Ponater et al., 2002; Sassen, 1997). Some researchers (e.g.,
Spinhirne et al., 1998) have noted that τ decreases as the contrail ages.
Although the newly formed contrail appeared to be optically thicker than
the old (sampled) contrail, based on the digital images in 4.1, calculated
values for τ show no obvious trend as the contrail evolved.

CHAPTER 5
RADIATIVE EFFECTS
5.1

The Streamer model

Here we use the radiative transfer model Streamer (Key, 2001) to examine the radiative impact of contrails located at the tropopause. The
Streamer model uses a discrete ordinate solver to calculate radiative fluxes
and radiances using two or more streams in both the infrared and shortwave
spectra. For our calculations, four streams for shortwave and two streams
for longwave fluxes are used. Streamer includes several built in surface
reflectance schemes and single-scattering properties for various ice crystal
habits. Here it is assumed that a rough aggregates scattering model (Yang
and Liou, 1998) best represents contrail ice crystal scattering properties
for shortwave calculations, while in the longwave spectra, ice crystals are
approximated as spheres.
The primary motivation for the Streamer calculations is to examine the
potential climate impact of moving flights to higher altitudes by comparing
the radiative effects of contrails at the tropopause with the radiative effects
of contrails at commercial cruise altitudes. Contrails at the tropopause
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(15 km) are simulated by setting the single-scattering properties according
to the in situ measurements in the WB-57F plume. Young (<5-minute
old) and mature (>30-minute old) contrails at lower altitudes (10 km) are
simulated using typical values observed in previous studies. Sensitivity
experiments are performed to see how ice crystal size and water content
affect the values of CRFnet .
Surface emissivity, land and ocean temperatures, vertical profiles and
land coverage were defined according to Hartmann (1994). The chosen geographical location and atmospheric conditions (approximately) represent
global mean conditions. Further details of the user-defined input variables
and atmospheric conditions are outlined below in Tables 5.1 and 5.2.
Table 5.1: Streamer input variables
Variable
Date
Mid-latitude
Tropical latitude
Global mean temperature
Tropical mean temperature
Surface emissivity
Ice crystal habit (shortwave)
Ice crystal habit (longwave)
Contail top temperature (tropical latitude, tropopause)
Contrail top temperature (mid-latitude, tropopause)
Contrail top temperature (mid-latitude, 10 km)
Plume thickness (mid-latitude young & tropopause contrails)
Plume thickness (mid-latitude mature contrails)
re (mid-latitude tropopause contrails)
re (mid-latitude young, 10 km contrails)
re (mid-latitude mature, 10 km contrails)

Value
March 20
45◦ N
25◦ N
10◦ C
25◦ C
94%
rough aggregates
spheres
-75◦ C
-70◦ C
-60◦ C
150 m
500 m
1 µm
5 µm
20µm
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Table 5.2: Land coverage
Cover Type
Ocean (global)
Green vegatation (tropical)
Bare sea ice
Dry sand
Green vegetation
Green grass
Dry grass
Coniferous forest

5.2
5.2.1

Cover %
70
30
3
8
4
7
4
4

Radiative forcing results
Comparison with lower altitude contrails

Fig. 5.1 shows the net radiative forcing CRFnet at the TOA from contrails located at the tropopause (15 km) and young and mature contrails
located at 10 km (plotted as a function of W P ). The estimated values of
W P from the WB-57F (0.15 g m−2 ) and typical aircraft (1.5 g m−2 ) are
drawn vertically on the plot to predict the value of CRFnet associated with
each type of aircraft.
For adequate comparison between contrails at the tropopause and contrails at 10 km, we make two important assumptions: one is that the value
of re is proportional to temperature as suggested in Fig. 1.1; the other is
that the total amount of water inside the plume is conserved (Spinhirne et
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Figure 5.1: Diurnally averaged (with a time resolution of 1 hour) net
(longwave plus shortwave) CRF at the TOA as a function of W P for a)
contrails at the tropopause (z = 15 km; re = 1 µm), b) young contrails at 10 km (re = 5 µm) and c) mature contrails at 10 km (re = 20
µm). All calculations assume a whole-sky, single-layer contrail coverage
at 45◦ N latitude on the Vernal equinox and no clouds beneath or above
the contrails. Ranges of typical ice water paths for small aircraft (0.1 g
m−2 ≤ W P ≤ 0.15 g m−2 ) and large aircraft (1 g m−2 ≤ W P ≤ 3 g m−2 )
are indicated by the vertical lines superimposed on the plot (see references
in Table 1.2).
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al., 1998). Assuming conservation of total water mass, the value of W P
should be proportional to the water vapor flux from the aircraft, which, as
shown in Eq. 4.2, is proportional to the fuel combustion rate. Therefore,
W P depends on the aircraft (and fuel) type. Fuel combustion rates have
not been extensively studied; however, in contrails from aircraft that have
similar ice nuclei fluxes to the WB-57F, the value of W P should be similar
if the combustion rate is similar.
While increasing the value of W P generally increases the net forcing
(Marquart et al., 2003), there is a “critical value” of W P that maximizes
the value of CRFnet . Increasing the value of W P beyond this critical value
decreases the net forcing, because the effects of solar reflection increase
more rapidly than the effects of thermal regulation; eventually, the solar
forcing becomes dominant and the sign of CRFnet becomes negative. Fig.
5.1 shows that the critical value of W P is about 1.0 g m−2 for contrails at
the tropopause; the tropopause contrail CRFnet curve crosses the 10 km
altitude young and mature contrail CRFnet curves at about 1.3 and 2.0 g
m−2 , respectively.
We therefore suggest that the climate forcing from contrails produced
by small aircraft (which have small H2 O fluxes yielding water paths less
than about 2 g m−2 ) would be minimized (decreased by roughly 50%) by
flying at lower altitudes, while forcing from persistent contrails produced
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by large aircraft with high H2 O fluxes (W P > 2 g m−2 ) would be minimized by moving flights up to the tropopause. This is because for W P > 2
g m−2 , the smaller effective radius of the high-altitude contrail increases
the optical depth enough to cause shortwave forcing to dominate.
Finally, Fig. 5.1 shows that in warmer contrails (where re changes significantly) the radiative properties evolve as the plume ages. The results
are consistent with previous observations such as those by Marquart et al.
(2003): as the contrail matures and ice crystals grow (hence τ decreases),
CRFnet decreases, except for contrails with W P > 4 g m−2 where the
opposite is true and τ and CRFnet are inversely correlated. This further
stresses the importance of accurately determining the value of W P , especially in contrails produced by larger aircraft.
5.2.2

Sensitivity of CRF to ice crystal size

A second study was conducted to determine the sensitivity of CRFnet
to ice crystal size. In this study, in situ data from the WB-57F contrail
were used but for global mean conditions at tropical latitudes (25◦ N).
Fig. 5.2 shows that the value of CRFnet is highly sensitive to ice crystal
size. The differences in re between contrails at the tropopause (re = 1
µm) and contrails at 10 km (re = 5 and 20 µm for young and mature
contrails, respectively) would therefore explain most of the differences in
the character of each curve in Fig. 5.1. For thin contrails (W P = 0.1
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Figure 5.2: Net forcing at the TOA as a function of re in contrails at the
tropopause (at 15 km altitude and -75o C) for W P = 0.1 g m−2 , W P = 1
g m−2 , W P = 3 g m−2 , W P = 10 g m−2 at a latitude of 25o N.
g m−2 ), CRFnet is inversely correlated with re . This is because small
ice crystals more effectively absorb and emit infrared radiation (Garrett
et al., 2003), thereby increasing their IR effect, while still allowing high
penetration of solar radiation. For thicker contrails however (W P ≥ 1.0
g m−2 ), the correlation between re and CRFnet is positive for small ice
crystals and becomes negative beyond a “critical” value of re that depends
on the value of W P .
We therefore conclude that the differences in the radiative properties
between contrails at the tropopause and contrails at 10 km are primarily
because values of re are small at cold temperatures and do not increase
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significantly with contrail age.

CHAPTER 6
DISCUSSION AND CONCLUSIONS
6.1 Summary of results
This thesis has presented in situ data and observations from a contrail
produced by the NASA WB-57F in the tropopause between 15 and 16 km
on 13 July, 2002 during CRYSTAL-FACE. The contrail formed at a temperature of -75◦ C and pressure of 125 mb in the absence of clouds and in a
stable and highly supersaturated layer of the UT. The WB-57F penetrated
its own plume multiple times during a 20-minute period between 1932 and
1952 UTC. Photographs of the contrail from the Twin Otter showed the
plume spreading to an estimated width of 1 to 1.5 km over a ∼25-minute
period.
Based on ratios of perturbations in N , CO and CO2 within the contrail the ice crystal flux per unit mass of JP-5 fuel burned was determined
to be 2.3 × 1015 kg−1 . Assuming the plume cross-section was rectangular, based on an estimated plume width of 200 m the contrail depth was
150±60 m. Because the plume spread horizontally by a greater factor than
N decreased, and assuming that the plume’s vertical thickness remained
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nearly constant, new ice crystals were continually being generated inside
the plume during entrainment of ambient air.
The WB-57F contrail was characterized by unusually high concentrations of small ice crystals. Initial concentrations were ∼150 cm−3 dropping to ∼50 cm−3 after ∼45 minutes. The effective radius re of the ice
crystals increased from about 0.7 to 1.0 µm over the same 45-minute period and averaged 0.8 µm inside the plume. These values of re were
on average about an order of magnitude smaller than those observed at
lower altitudes (10 km) and were most similar to values seen in studies at
higher altitudes (13 km) (e.g., Goodman et al., 1998; Jensen et al., 1998,
Khorostyanov and Sassen, 1998; Liou et al., 1998). These observations
were consistent with the hypothesized correlation between ice crystal size
and temperature discussed in Chapter 1.
It has been argued that at extremely cold temperatures below 202 K
ice crystals became coated with nitric acid trihydrate (NAT), which raises
the equilibrium saturation ratio to about 1.3 (Gao et al., 2003). This might
explain the observed slow growth of the ice crystals despite the high values
of saturation ratio of about 1.4 measured inside the plume.
Ice water content W inside the plume averaged 0.7 mg m−3 with an
estimated ice water path W P of 0.1 g m−2 . The optical extinction coefficient averaged 1.5 km−1 , which corresponds to τ = 0.2, assuming a

63

vertical plume thickness of 150 m.
6.2

Climate implications

Model simulations of the WB-57F contrail, using the in situ measurements from 13 July, 2002, and contrails at lower altitudes show that moving aircraft flight to higher altitudes would increase the contrail’s net radiative forcing CRFnet at the top of the atmosphere by about 5 to 10 W
m−2 for low values (less than 2 g m−2 ) of W P , e.g., for small aircraft
that do not produce large quantities of H2 O. On the other hand, moving
flight to higher altitudes would minimize the CRFnet at the TOA if the
value of W P is greater than 2 g m−2 , e.g., for large commercial aircraft
with high H2 O fluxes. The differences in the values of CRFnet between
the tropopause and lower altitude contrails increase to several 10s of W
m−2 for W P > 3 g m−2 , where the sign of the forcing by the tropopause
contrail becomes negative due to the dominance of shortwave forcing.
Sensitivity studies show that the decrease in re with T can account for
most of the differences between the forcing by the tropopause contrail and
mid-altitude contrails. While re appears to be primarily a function of temperature, the W P is most probably a function of the type and size of the
aircraft producing the contrail.
Climate modeling studies require a consideration of the frequency of
contrail formation. Fig. 2.2 shows that contrails would be more likely
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to form at higher altitudes, particularly over low latitudes. This would
of course increase the sky coverage of contrails, as would the projected
increase in air traffic by Meyer et al. (2002). Also, an estimated 10 to 20
percent of all cirrus, which covers about 20 to 30 percent of the earth’s
surface and accounts for one third to half of all cloud cover, is thought
to originate from contrails (Khvorostyanov and Sassen, 1998; Schröder et
al., 2000), which means that as much as 2 to 6 percent of the sky (globally
averaged) is probably covered by contrail-induced cirrus. Sassen (1997),
Minnis et al. (2004) and others have noted significant increases in cirrus
cover in regions of heavy flight traffic. Therefore, not only contrails, but
contrail-induced cirrus, should be considered in climate models.
The effects of coexisting natural cloud cover were not considered in
this study. Clouds, which cover about 60 percent of the earth (Hartmann,
1994), would reduce the longwave component of the forcing more substantially than the shortwave and would decrease the net forcing by nearly
one order of magnitude (Ponater et al., 2002).
The balance between contrail radiative effects and greenhouse forcing
from aircraft CO2 emission is unclear. While this research suggests that
large aircraft flying at cold temperatures may emit enough H2 O to change
the sign of the contrail radiative forcing, large aircraft also emit greater
quantities of CO2 , which persists substantially longer in the atmosphere
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than do contrails. The total annual emission of CO2 depends on fuel type,
combustion rate and efficiency and the total annual flight time integrated
over all flights, and is not easily estimated.
The WB-57F contrail presented here represents the first time a contrail
was studied in detail at the tropopause. An area of future improvement
would be to complement the in situ measurements with remote sensing
observations, since this would assist determination of the spatial structure
and evolution of the plume aside from the photographs from the Twin Otter. For example, lidar observations of the plume would have filled this
void and decreased the uncertainty in the optical depth calculations, therefore improving radiative transfer calculations.
Finally, more measurements of contrails at or near the tropopause need
to be conducted to adequately understand the relationship between temperature and ice crystal size. If contrail ice crystals from large aircraft at
high altitudes can be shown to be sufficiently small to significantly reduce
the value or change the sign of the net radiative forcing, then by encouraging flight at cold temperatures, it may be possible to mitigate the climate
impact of CO2 emissions from jet aircraft.
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