
Atmospheric Environment 40 (2006) 1590–1600

Measurements of relative humidity in a persistent contrail
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Abstract

Persistent contrails are a common feature of the upper troposphere. We describe two methods for intercomparing and

evaluating RHi measurements in a persistent contrail with calculated or expected values. The methods were applied to

measurements made in the upper troposphere on board an NASA WB-57F aircraft while sampling its own contrail.

Included in the analysis are measurements of water vapor pressure, temperature, ice particle number and size, and nitric

oxide (NO). The systematic use of these contrail-sampling methods in future studies will improve our understanding of

contrail microphysics and the performance of fast-response water and temperature measurements.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cirrus clouds and aircraft contrails in the upper
troposphere consist of ice particles with diameters

ranging from less than 1 mm to more than 1000 mm.
These ice particles directly and indirectly affect the
earth’s climate (IPCC, 2001). The frequency, dura-
tion, and size distributions of cirrus clouds and
contrails depend strongly on the relative humidity
with respect to pure ice (RHi) distribution in the
upper troposphere. The distribution of RHi is
complex since studies have shown that regions
of the upper troposphere are routinely found
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supersaturated with respect to ice (Gierens et al.,
1999; Jensen et al., 2001, 2005a). An understanding
of the processes that control RHi and its distribu-
tion in the atmosphere is therefore crucial for the
development and testing of models of the present
and future climate.

Contrails in the upper troposphere generally
consist of high concentrations (410 cm�3) of small
ice particles (o10 mm diameter) (Schröder et al.,
2000). The interactions between the entrained
ambient water vapor and ice particles are expected
to be near the kinetic regime due to the small
particle sizes and high concentrations. Model
calculations (Jensen et al., 1998a) indicate that with
sufficient water vapor abundances, RHi inside a
contrail reaches 100% within 10 s. Consistent with
this expectation, some in situ observations indeed
show that relative humidity inside a contrail is
significantly lower than that of the surrounding air
(Heymsfield et al., 1998). Based on these observa-
tions, and our current understanding of the kinetic
and thermodynamic processes controlling the vapor
pressure of water over pure ice, measurements inside
contrails have been proposed as a way of evaluating
the accuracy of airborne RHi determinations (A.J.
Heymsfield, private communication, 2003).

RHi in the upper troposphere generally is derived
from airborne in situ water vapor, temperature, and
pressure measurements and laboratory measure-
ments of the water vapor pressure over pure ice.
Thus, the uncertainty in measured RHi depends on
the combined systematic uncertainties of the compo-
nent measurements. The uncertainty in water vapor
pressure gives a proportional uncertainty in RHi

while the RHi uncertainty depends exponentially on
the temperature uncertainty. Due to technical
limitations, in-flight calibrations of RHi component
measurements (water, pressure, and temperature) are
usually not feasible. Thus, measuring in a contrail,
where RHi is expected to be 100%, potentially
represents a convenient and globally accessible
approach to evaluating airborne RHi measurements
in flight. This expected value assumes that ice crystal
habit does not impede significantly the approach to
equilibrium, which is likely the case since contrail
particles are typically small (diameters o3mm). The
high frequency of favorable contrail formation
conditions at cruise altitudes, particularly in spring
and fall, means that research flights would often be
able to sample their own contrail or that from
another aircraft. Contrail sampling also affords the
opportunity to compare RHi instruments at widely

separated locations and times. One limitation to this
approach follows from recent contrail measurements
that show enhanced RHi values in low-temperature
(o200K) cirrus clouds and contrails. Gao et al.
(2004) suggest that the reason is a consequence of the
role of HNO3 adsorbed on cloud ice particles. This
recent result suggests that the microphysics of ice
with impurities is not fully understood in the
atmosphere. Thus, continued RHi measurements of
high accuracy made in low-temperature contrails also
will be valuable in further defining the effect of
impurities in contrail ice and other microphysical
processes.

Here, we present two methods for studying airborne
RHi measurements and contrail microphysics by in
situ sampling of a persistent contrail (defined as one
lasting longer than a few minutes). The measurements
were made with a suite of in situ instruments carried
on board the NASA WB-57F aircraft, which also
produced the sampled contrail. In Section 2, the
general contrail conditions are reviewed. A contrail-
sampling (CS) case is presented in Section 3. Using
this particular CS case, the two evaluation methods
for RHi are presented in Section 4.

2. WB-57F aircraft measurements

The data used in this study were obtained with
the WB-57F aircraft carrying a suite of 25 in situ
and remote-sensing instruments for particles, trace
gases, and meteorological parameters. The data
were obtained during the NASA Cirrus Regional
Study of Tropical Anvils and Cirrus Layers—
Florida Area Cirrus Experiment (CRYSTAL-
FACE) mission in July 2002. Measurements used
in this study include water-vapor partial pressure,
air pressure and temperature, ice particle number
and size, and nitric oxide (NO). Flight track
coordinates and aircraft avionics parameters were
recorded by the aircraft navigation system. Pressure
(p) and temperature (T) were measured by both
NOAA and NASA Ames Research Center (ARC)
(Scott et al., 1990). Their measurements agree
within 0.2mb and 0.4K, respectively. The ARC
data are used in this study. There were several ice
particle-sampling instruments on board the WB-
57F. The dataset from the Cloud and Aerosol
Spectrometer (CAS) is used here because it is
the only one that includes ice particles in the size
range of contrail particles (0.5–3 mm diameter)
(Baumgardner et al., 2002). The measured CAS size
distributions (1-s sampling period) are used to
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