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Abstract Relative humidity with respect to ice (RHi) is a major factor controlling the evolution of aircraft
contrails. High-resolution airborne H,O measurements in and near contrails were made at a rate of 4.2 Hz
using the novel water vapor mass spectrometer AIMS-H,0 with in-flight calibration during the CONtrail,
volcano, and Cirrus ExpeRimenT (CONCERT) 2011. Three 2 min old contrails were sampled near 11 km alti-
tude. Independent of the ambient supersaturation or subsaturation over ice, the mean of the RHi frequency
distribution within each contrail is shifted toward ice saturation. This shift can be explained by the high ice
surface area densities with corresponding RHi relaxation times on the order of 20s, which lead to the fast
equilibration of H,O between the vapor and ice phase. Understanding the interaction of water vapor with ice
particles is essential to investigate the life cycle of contrails and cirrus.

1. Introduction

In contrast to direct aircraft emissions such as CO,, the climate impact of contrails is dictated by the inter-
action between the exhaust plume and the atmospheric environment. A contrail can form when the Schmidt-
Appleman criterion is satisfied, which requires the plume to be saturated with respect to water for some time
during the jet phase in the first second of lifetime [e.g., Schumann, 1996]. While water vapor from the engine
dominates ice particle nucleation and growth during the very early contrail stage, further growth or evapo-
ration of the ice particles inside the contrail is dependent upon the ambient RHi. The environment therefore
needs to be at least saturated with respect to ice for a long lived contrail to develop [Jensen et al., 1998al. In
that case, the contrail can alter the radiation budget of the atmosphere, generally considered to result in a
positive net radiative forcing [Burkhardt and Kdrcher, 2011; Schumann et al., 2013]. However, simulations and
observations of RHi in young contrails and their immediate environment are difficult due to the strong dy-
namic activity in the aircraft vortices and the complex interaction between the gas phase, sulfate aerosols,
soot [Kdrcher and Yu, 2009], and ice particles [e.g., Heymsfield et al., 1998]. Due to usually short measurement
times inside contrails, there is only a limited database on contrail RHi up to now. Furthermore, a contrail is
anything but a homogeneous object, with varying properties on spatial scales from several 100 m down to
microphysical scales. Our measurements can add an important piece to that data set by providing accurate
high-resolution humidity data helping to improve our understanding of the processes of contrail formation
and persistence which is essential to assess the climate impact of air traffic.

Inside a contrail, the phase equilibrium between water vapor and ice particles shifts RHi toward saturation
due to condensation of H,0 and evaporation of ice particles. In terms of water vapor-ice interaction, young
contrails and natural cirrus primarily differ in particle number concentration, size distribution, and shape of
the ice particles [Voigt et al., 2011; Gayet et al., 2012]. Korolev and Mazin [2003] calculated characteristic RHi
relaxation times for natural cirrus and mixed phase clouds, dependent on the product of particle number
concentration N and mean radius ¥ and the up- or downdraft speed of the air parcel, respectively. For natural
cirrus, they found typical relaxation times ranging from a few minutes up to a few hours. Since particle
number concentration in young contrails are generally one to two magnitudes higher (in the order of 100 cm™3)
[see Voigt et al., 2010] compared to natural cirrus clouds, one would expect short RHi relaxation times on the order
of some 10 s [Korolev and Mazin, 2003]. Hence, RHi inside the contrail should be very close to saturation.
However, deviations from saturation inside young contrails may occur, caused, e.g., by vertical air motion,
turbulence, and mixing with ambient air. In addition, the entrainment of the exhaust in the vortices, their
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descent, and dynamic mixing may cause the RHi in the plume to deviate from equilibrium [Sussmann and
Gierens, 1999]. Their simulations suggest that RHi is inhomogeneously distributed in young contrails and

depends on the exact location in the primary wing tip vortices (primary wake) or the more diffuse region
above (secondary wake).

In this study, we present a detailed evaluation of RHi inside three different young contrails from two different
Boeing 777 airliners and an Airbus A321 with ages between 90 and 140 s. The contrails were measured with the
research aircraft Falcon operated by the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) [Voigt et al., 2010]
during the CONtrail, volcano, and Cirrus ExpeRimenT (CONCERT 2011) campaign in September 2011. Airborne
measurements in contrails of commercial aircraft with different ages were performed during five research
flights over Europe. To evaluate the impact of contrails on relative humidity, RHi data are classified in obser-
vations inside the contrails and outside in vicinity of the contrails. We derive separate RHi distribution functions
and compare the measurements with calculated timescales for RHi relaxation to ice saturation due to subli-
mation and condensation of ice particles. Finally, we compare our findings to previous RHi measurements

in contrails.

2. AIMS-H,0 Mass Spectrometer

Water vapor measurements in contrails were obtained with the mass spectrometer AIMS-H,0, which pro-
vides accurate, high-frequency humidity data in the upper troposphere and lower stratosphere. While in the
lower stratosphere, very small changes in gas phase water vapor have a direct climate impact [Solomon et al.,
2010]; an important role of water vapor in the upper troposphere mainly arises from its ability to form ice
particles. The main benefits of the new instrument are its genuine ability to assess low water vapor con-
centrations typical for the upper troposphere and lower stratosphere where current water vapor instruments
show significant deviations. Here the mass spectrometer generally used for the detection of trace gas mixing
ratios in the parts per billion to parts per trillion range is extended to higher mixing ratios in the parts per
million range. The combination of an in-flight calibrated measurement and the high spatial resolution of
around 50 m make the AIMS-H,0 instrument well suited for water vapor measurements in young contrails
and cirrus clouds. The instrument measures the H,O mixing ratio in a range between 0.5 and 250 ppmv with
an overall accuracy of 8 to 15% and a sampling frequency of 4.2 Hz. The measurement technique is based on
direct ionization of ambient air [Thornberry et al., 2013] in a newly developed discharge ion source and the
detection of hydronium hydrates (H;0*(H,0) and H30*(H,0),) with a linear quadrupole mass spectrometer.
To achieve high accuracy, the instrument is calibrated during flight with a water vapor standard produced
using the catalytic reaction of hydrogen and oxygen on a Pt surface [Rollins et al., 2011]. With temperature
and pressure data from the Falcon basic instrumentation (accuracy of 0.5K and 0.5 hPa, respectively), con-
sequent error propagation yields a maximum uncertainty of 11 to 18% for RHi. However, the comparison with
other water vapor instruments on board the Falcon suggests that the uncertainty is probably lower. The
uncertainties in the H,O and temperature measurements each contribute roughly half of the overall uncer-
tainty in RHi. The uncertainty in static pressure only has a minor influence.

Besides the AIMS-H,0 instrument, H,O was also measured with the tunable diode laser system WARAN
(WAter vapoR ANalyzer), which primarily consists of a commercial WVSSII water vapor sensor (SpectraSensors Inc.).
The instrument has a measurement range between 30 and 40,000 ppmv with an uncertainty between 25 and 5%
which increases with lower concentrations. The time resolution is 0.4 Hz.

For classification of the RHi, we use nitric oxide (NO) measurements obtained with a chemiluminescence de-
tector [Schlager et al., 1999] and measurements of aerosol optical extinction from a Polar Nephelometer [Crepel
et al., 1997]. In this study, extinction and NO measurements are used to distinguish between measurement
sequences inside contrails and ambient air around the contrail. Additionally, mean particle number concen-
trations (N) and mean particle radii (7) are calculated using the FSSP-300 (Forward Scattering Spectrometer
Probe) (size range 0.2-38.6 um) [Borrmann et al., 2000] mounted under the right wing of the Falcon.

3. Meteorology and Measurement Strategy

In order to perform measurements in young contrails, we used European Centre for Medium-Range Weather
Forecasts (ECMWF) data to identify potential flight routes where the Schmidt-Appleman criterion was likely to
be satisfied [e. g., Schumann, 1996] and where RHi is close to saturation. The measurements were performed

KAUFMANN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 703



@AG U Geophysical Research Letters 10.1002/2013GL058276

224
222
220
218
216

T T T T T 1 50 - 2 1 4
58500 59000 59500 60000 60500 ¢

140 (b) B777 Contrail Clear sky Cirrus Exhaust [ g

(a) B777 AIMS-H,0 A321
WARAN

T
N
(42}
o

Pressure [hPa]

H,O [ppmv]
o
o
o
o
o

Temperature [K]

E—100

RHi [%]
Extinction [km™]
IS
NO [ppbv]

E—100

RHi [%]
Extinction [km']
IS
NO [ppbv]

RHi [%]
Extinction [km™]
>
NO [ppbv]

Figure 1. (a) Water vapor mixing ratios from AIMS-H,0 (red) and WARAN (black) as well as pressure (blue) and temperature
(purple) for a flight sequence on 16 September 2011. AIMS-H,0 data are shown in 1 Hz resolution, WARAN data in 0.4 Hz.
Contrail chasing sequences are marked in grey. The large difference between AIMS-H,0 and WARAN at 601505 is a sam-
pling artifact of WARAN's Rosemount inlet. (b—d) High-resolution RHi time series at 4.2 Hz from AIMS-H,0 (colored dots),
extinction (black line), and NO mixing ratio (blue line) for three measurement sequences in young contrails. RHi data are
classified in contrail (red), clear Sky (blue), cirrus (green), and exhaust without contrail (black) using extinction and NO

mixing ratio. The NO threshold of 0.5 ppbv for identification of aircraft exhaust sequences is marked by the blue dotted line.

at a distance of roughly 20 to 30 km downstream of the contrail-generating aircraft, which corresponds to a
contrail age of 90 to 140's [Jurkat et al., 2011].

To avoid the heavy turbulence inside the primary wake of the aircraft, the Falcon slowly descended into the
plumes from above. Figure 1a shows two measurement sequences with water vapor from the AIMS-H,0 and
WARAN, temperature, and pressure. We attempted to profile the aircraft wake in both horizontal and vertical
directions, with the exception of the highly turbulent primary vortices. Therefore, we cannot assure that the
measured data inside the contrail are fully representative of the complete exhaust plume.

4, Classification of RHi Data

Figure 1 shows three sequences of aircraft measurements in young contrails during CONCERT 2011. Figure 1a
shows the time series of contrail observations from a B777 and a A321 aircraft on 16 September. H,O mixing
ratios from AIMS-H,0 (red) are shown in combination with static air temperature and pressure measurements
from the Falcon basic instrumentation. WARAN H,0O mixing ratios (black) agree with AIMS-H,0 data well
within 10%, except for the sampling artifact at 60,150 s, which originates from evaporating ice particles in the
WARAN'’s Rosemount inlet. Figures 1b and 1c correspond to chasing sequences marked in Figure 1a.
Figure 1d shows measurements in the plume of a different B777 made on 24 September. Measurements of
aerosol extinction and NO mixing ratio were used to assign the RHi data to one of the following classes (color
coded in Figure 1): contrail (red): extinction and NO both above threshold, clear sky (blue): extinction is zero
and NO below threshold, natural cirrus or detrained ice crystals from the contrail (green): extinction
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Figure 2. Frequency distribution of relative humidity with respect to ice for three different contrail sequences (full scale of
the y axis corresponds to a frequency of (a) 120, (b) 42, and (c) 120). Data points assigned to contrail (red), clear sky (blue),
natural cirrus (green), and exhaust plumes without contrails (black) are shown as separate distribution functions. For all
sequences, the distribution of RHi inside the contrail is shifted toward saturation compared to ambient conditions, inde-
pendent whether the environment is subsaturated or supersaturated (indicated by the arrow). In Figure 2b, the signal noise
level determined by the in-flight calibration is exemplarily shown (purple).

enhanced while NO below threshold, and exhaust without contrail (black): extinction is zero while NO above
threshold, where the threshold value for NO is 0.5 ppbv. The data segments colored in grey could not be
assigned to one of these classes.

5. RHi Distribution and Altitude Profile

In order to quantify the influence of the ice particles in the contrails on the RHi distribution, frequency dis-
tribution functions of the different classes for each of the three sequences are shown in Figure 2. For
Figures 2a and 2¢, data indicate that the clear sky surroundings of the contrail were subsaturated with respect
to ice with the distribution centered at 89% and 90%, respectively. In contrast, the RHi distributions of cirrus
and contrail measurements in these sequences are centered at 95% and 97%, respectively. As expected, in
the presence of ice particles the relative humidity is shifted toward saturation. The full width at half maximum
(FWHM) of the distributions ranges from 11% for clear sky to 17% for cirrus. Taking a closer look at the vertical
profiles of the sequences in Figures 3a and 3¢, the Falcon descended through subsaturated clear sky con-
ditions. Below 11.0 km clear sky, cirrus and contrail air masses were sampled, alternating on a timescale of a
few to several tens of seconds. In this altitude intervals, mean values of RHi inside cirrus and contrails are
shifted toward saturation relative to the mean RHi of clear sky and exhaust. Considering only altitude intervals
where the contrails are sampled, the shift in RHi is less pronounced than suggested in Figure 2 but still evi-
dent in each contrail altitude interval. The RHi distribution of the A321 contrail sequence (Figure 2b) exhibits
different characteristics. For the contrail surroundings (clear sky and cirrus), the RHi distributions are centered
above saturation at 105% and 106%, respectively. Inside the contrail, RHi is shifted to lower values, with the
distribution centered at 98% (red in Figure 2b). Both clear sky and cirrus distributions are rather wide, which
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Figure 3. RHi profiles of the three contrail sequences (grey dots). Mean values for 20 m altitude bins have the same color code
as in Figure 2. (b) Standard deviations for selected mean values. (c) Static air temperature during the measurement sequence.
The general finding of RHi relaxation toward saturation inside the contrail is systematically observed at every altitude.

can be explained by the high variability of RHi with height. According to the profile for the A321 sequence
(Figure 3b), the Falcon started in supersaturated clear sky conditions before descending into a cirrus at
around 110% RHi. For all height intervals, RHi inside the contrail is shifted toward saturation relative to clear
sky conditions. In that sequence, relaxation toward saturation in the contrail could be observed for both,
subsaturated (e.g., 10.56 km) and supersaturated (e.g., 10.63 km), clear sky environments.

All three cases have in common that RHi inside the contrail is shifted toward ice saturation compared to the
direct clear sky surroundings of the contrail. This finding is independent of whether the contrail environment
is subsaturated or supersaturated.

The widths of the distribution functions in Figure 2 result from a superposition of natural variability and instru-
mental noise. To assess the contribution from natural variability to the observed width of the distributions, we

include the purple Gaussian function in Figure 2b, which is an estimate of the signal noise derived from the in-
flight calibration. The standard deviation of the RHi signal during the in-flight calibration is 3.9%, which is half of
the standard deviation of the distribution function in the contrail of around 7.8%. Assuming a Gaussian distri-

bution of the natural RHi variation, one can deconvolve the measured distribution and the signal noise to esti-
mate the width of the natural distribution function for the in-contrail measurements in Figure 2b to be 6.7%. With
the precision of the measurement of around 4%, the shift in the RHi distributions can be considered as significant.

6. Estimation of RHi Relaxation Times

The shift of RHi can be explained considering the short diffusion and relaxation times for H,O inside the
contrail due to the presence of large numbers of small ice particles. The simplest way to estimate the char-
acteristic relaxation times of RHi toward saturation inside the contrail is to assume a linear dependence of the
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Figure 4. Collection of RHi measurements versus air temperature in contrails and in ambient air where contrails formed. Error
bars mark the respective measurement uncertainty. Sources for these data are Petzold et al. [1997] (P97), Jensen et al. [1998a]
(J98), Heymsfield et al. [1998] (H98), Baumgardner and Gandrud [1998] (B98), Schréder et al. [2000] (S00), Gao et al. [2006] (GO6),
Febvre et al. [2009] (F09), Voigt et al.[2011] (V11), and Iwabuchi et al. [2012] (112). For the latter, the cross stands for the standard
deviation of a contrail climatology derived from satellite data. Open symbols are observations in ambient condition around the
contrail or at unspecified sampling locations. For details about the different measurements see text. AIMS-H,0 measurements
of the three young contrail encounters during CONCERT 2011 are plotted in red. The small error bars represent the FWHM of
the RHi distribution, the bigger ones represent the measurement uncertainty of a single data point.

rate of change in supersaturation S (= RHi/100% — 1) as dS/dt = — 1S, neglecting any external forcings (e.g., a
collective updraft velocity). This yields S=Sq- €~ * \ith S, as the initial supersaturation or subsaturation. The

parameter A represents the reciprocal time constant of the RHi relaxation by condensation or evaporation and is
given by = 4zDNF (based on Korolev and Mazin [2003]) where D is the diffusion coefficient of H,O in air (cm?/s),
N is the ice crystal number concentration (em~3), andFis mean ice particle radius (um). For a temperature range

194
between —80 and 40°C, Hall and Pruppacher [1976] give D = 0.211 ( T—TO ) ( % > as the empirical formula for

the diffusion coefficient, with Ty = 273.15K and py = 1013.25 hPa. For the measurement sequence in the A321
contrail (Figure 1c) we find mean values of N = 117 cm™> and7= 0.5 um. Together with a mean pressure of 242
hPa and a mean temperature of 220K, the relaxation time constant of RHi can be estimated as t=1/1=23s.
Since mean particle radii are small compared to previous studies [e.g. Voigt et al., 2010], the calculated
value for 7 may be seen as upper estimate. However, all parameters, especially N and r, are
inhomogeneously distributed within the contrail and influenced by local up- or downdrafts beyond the
resolution of our measurements. Furthermore, N decreases and r increases with plume age due to plume
dilution and entrainment of ambient water vapor into the contrail. Despite the simplification by our quasi-
steady state approach, the RHi relaxations time is slightly higher than values of 1 to 10's calculated with a more
complex parcel model by Jensen et al. [1998b]. So 7 is still by a factor of 5 lower than the plume ages of 90 to 140
s; thus, one would indeed expect that RHi inside the contrail is almost completely relaxed toward saturation.

7. Discussion and Outlook

In order to discuss our measurements within the context of previous studies, RHi data collected during dif-
ferent contrail sampling missions are summarized in Figure 4. Differences to ice saturation inside the contrail
could be caused by sampling in different environments, in different parts of the dynamically active contrail,
by biases in the measurements of humidity or temperature, or uncertainties in data evaluation. Since most
studies on contrails have focused on contrail microphysics, relative humidity has often been treated as a
constant parameter during a contrail measurement sequence, which renders a direct comparison difficult
and may introduce a bias on the data shown in Figure 4. There are only a few cases where RHi time series are
directly given. For example, Heymsfield et al. [1998] observe a shift of RHi from 136% in ambient air toward
saturation inside a several minutes old contrail generated and sampled by the NASA DC-8 aircraft.
Baumgardner and Gandrud [1998] report slightly supersaturated conditions for a 1s old contrail; hence,
equilibrium may not yet be reached. Petzold et al. [1997] also show observations of 1 s old contrails in strongly
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ice-subsaturated ambient air, which may indicate very short-lived contrails. Jensen et al. [1998a] report a
variety of contrail measurements including short-lived contrails in supersaturated ambient air. Contrail for-
mation in vertically narrow layers of humid air could explain these observations. When the ice crystals grow,
they sediment in dry layers and sublimate. Schréder et al. [2000] and Febvre et al. [2009] treat RHi as constant
parameter, likely because of a low resolution of H,O measurement. Voigt et al. [2011] report on an extensive
data set of airborne measurements in young contrails where the RHi values inside the contrails were close to
saturation but within the measurement uncertainty systematically subsaturated. Using a fraction of that data
set, JeBberger et al. [2013] and Gayet et al. [2012] have difficulties in reconciling the ice water content in in-
dividual contrails with the observed humidities. In a different approach, Iwabuchi et al. [2012] used satellite
data from the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations (CALIPSO) to derive a contrail climatology for 2007 and 2009. They
find mostly supersaturated conditions at the contrail tops. Gao et al. [2006] measured the contrail of the NASA
WB-57 at very low temperatures (T = 197 K). At those temperatures RHi above ice saturation inside the
contrail could be explained by partial coating of the ice particles with a nitric acid containing particle phase as
suggested from observations of condensed reactive nitrogen species.

Compared to these previous studies, the RHi values inside the contrails at temperatures around 218 K
presented here are consistently very close to ice saturation. The small error bars on the AIMS data points in
Figure 4 indicate the standard deviation of the in-contrail data set, while the larger bars represent the upper
estimate of the measurement uncertainty. In contrast to the study of Sussmann and Gierens [1999], who did
not see any secondary wake in numerical simulation for conditions with only 2% subsaturation, we repeat-
edly observed secondary wake contrails in environments with around 10% subsaturation, as in sequences in
Figures 2a, 2¢, 3a, and 3c. For these sequences, RHi is shifted toward higher values inside the contrail, which is
a clear indication that a secondary wake contrail in subsaturated environment is rather a natural feature than
a measurement bias. Consistent with previous measurements in young contrails [e.g., Kiibbeler et al., 2011;
Jel3berger et al., 2013; Schumann et al., 2013], this broadens the range of atmospheric conditions where sec-
ondary wake contrails can form.

The first measurements of the novel water vapor mass spectrometer AIMS-H,O with in-flight calibration
proved that the instrument is well suited for humidity measurements under contrail conditions. We conclude
that RHi inside the contrails is relaxed to saturation which means that the gas phase H,0 is in equilibrium with
the saturation mixing ratio at ice particle surface. Short relaxation times of 23 s are expected by a simple
estimation of RHi relaxation and caused by the high-number density of small ice particles and thus a large
effective ice surface leading to short gas phase diffusion times inside the young contrail. For the first time, we
were able to observe the relaxation process toward saturation in contrails embedded in both subsaturated
and supersaturated environments during the same flight. Under these conditions, young contrails could be
used as an atmospheric laboratory to assess the quality of RHi measurements. Large differences in RHi
measurements reported in previous studies emphasize the importance for a detailed investigation of the
interaction between water vapor and ice when studying microphysical processes inside contrails.
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