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F. Hasebe1, Y. Inai2, M. Shiotani3, M. Fujiwara 1, H. Vömel4, N. Nishi5, S.-Y. Ogino6, T. Shibata7, S. Iwasaki8,
N. Komala9, T. Peter10, and S. J. Oltmans11

1Faculty of Environmental Earth Science, Hokkaido University, Sapporo, Japan
2Graduate School of Science, Tohoku University, Sendai, Japan
3Research Institute for Suitainable Humanoshpere, Kyoto University, Uji, Japan
4GRUAN Lead Center, Meteorologisches Observatorium Lindenberg, Lindenberg, Germany
5Geophysical Institute, Kyoto University, Kyoto, Japan
6Japan Agency for Marine-Earth Science and Technology, Yokosuka, Japan
7Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan
8National Defense Academy, Yokosuka, Japan
9Lembaga Penerbangan dan Antariksa Nasional, Bandung, Indonesia
10Eidgen̈ossische Technische Hochschule Zürich, Zurich, Switzerland
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Abstract. A network of balloon-borne radiosonde observa-
tions employing chilled-mirror hygrometers for water and
electrochemical concentration cells for ozone has been op-
erated since the late 1990s in the Tropical Pacific to capture
the evolution of dehydration of air parcels advected quasi-
horizontally in the Tropical Tropopause Layer (TTL). The
analysis of this dataset is made on isentropes taking advan-
tage of the conservative properties of tracers moving adiabat-
ically. The existence of ice particles is diagnosed by lidars si-
multaneously operated with sonde flights. Characteristics of
the TTL dehydration are presented on the basis of individ-
ual soundings and statistical features. Supersaturations close
to 80 % in relative humidity with respect to ice (RHice) have
been observed in subvisible cirrus clouds located near the
cold point tropopause at extremely low temperatures around
180 K. Although further observational evidence is needed to
confirm the credibility of such high values of RHice, the evo-
lution of TTL dehydration is evident from the data in isen-
tropic scatter plots between the sonde-observed mixing ratio
(OMR) and the minimum saturation mixing ratio (SMRmin)

along the back trajectories associated with the observed air
mass. Supersaturation exceeding the critical value of homo-
geneous ice nucleation (OMR> 1.6×SMRmin) is frequently
observed on the 360 and 365 K surfaces indicating that cold
trap dehydration is in progress in the TTL. The near corre-
spondence between the two (OMR∼ SMRmin) at 380 K on
the other hand implies that this surface is not sufficiently
cold for the advected air parcels to be dehydrated. Above
380 K, cold trap dehydration would scarcely function while
some moistening occurs before the air parcels reach the low-
ermost stratosphere at around 400 K where OMR is generally
smaller than SMRmin.

1 Introduction

Understanding of stratospheric dryness begins with the idea
that it must reflect the temperature history the air ex-
perienced before entering the stratosphere (Brewer, 1949;
Newell and Gould-Stewart, 1981; Danielsen, 1982). Among
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4394 F. Hasebe et al.: TTL dehydration

many hypotheses, the “cold trap” theory in which air parcels
are dehydrated during quasi-horizontal advection in the trop-
ical tropopause layer (TTL) of the Western Tropical Pacific
(Holton and Gettelman, 2001) is becoming widely accepted
as one of the key dehydration processes. Thin cirrus clouds,
too thin to be visually detected (often called subvisible cir-
rus clouds (SVCs);Jensen et al., 1996), are frequently ob-
served even far from tropical convective systems (Winker
and Trepte, 1998) suggesting that they are related to “cold
trap” dehydration.

Aircraft observations such as those conducted during the
Pre-AVE campaign have observed water vapour profiles with
high vertical resolution (Richard et al., 2006) over tropical
Central America. The Lagrangian temperature history along
trajectories for the observed air parcels has been used to
study the efficiency of dehydration (e.g.Jensen and Pfis-
ter, 2004; Fueglistaler et al., 2004, 2005; Fueglistaler and
Haynes, 2005). Such an approach proved to be quite suc-
cessful as compared to the Eulerian description in reproduc-
ing the water vapour field from meteorological data (e.g.Liu
et al., 2010; Schoeberl and Dessler, 2011). The effectiveness
of trajectory-based estimation of the dehydration efficiency,
however, still awaits support from observational data. What
is missing in such studies is in situ water vapour data in the
TTL over the Western Tropical Pacific where “cold trap” de-
hydration is thought to be taking place.

The Soundings of Ozone and Water in the Equatorial Re-
gion (SOWER) project (Hasebe et al., 2000) is intended to
accumulate ozone and water vapour profiles in the tropo-
sphere and the lower stratosphere (LS) in the Tropical Pacific
by radiosonde observations (Vömel et al., 2002). It has been
using chilled-mirror hygrometers such as the NOAA frost-
point hygrometer (FPH;Vömel et al., 1995), Snow White
(SW; Fujiwara et al., 2003; Vömel et al., 2003) and the Uni-
versity of Colorado Cryogenic Frostpoint Hygrometer (CFH;
Vömel et al., 2007a) to accurately measure water vapour pro-
files since 1998. These data constitute the basis for describing
seasonal to decadal variations of TTL/LS water vapour in the
tropics (Fujiwara et al., 2010).

The efficiency of “cold trap” dehydration in the TTL has
been studied by comparing the observed water vapour mix-
ing ratio (OMR) and the minimum saturation mixing ratio
(SMRmin) that air parcels have been exposed to during hori-
zontal advection. SMRmin has been estimated by using a bun-
dle of isentropic backward trajectories corresponding to the
air parcels observed by water vapour sondes (Hasebe et al.,
2007). The OMR in the lower TTL proved to be about twice
as much as SMRmin in the Western Tropical Pacific. The in-
formation on ice particles given by simultaneously operated
lidars indicates that SVCs do exist under supersaturation up
to several ten percent (Shibata et al., 2007). However, the
observational data are still limited and an accumulation of
observational evidence is definitely needed to improve our
understanding of the TTL dehydration.

In the present analysis, TTL water mixing ratio is ex-
amined on isentropes using the water vapour sonde data
taken at Tarawa (1.4◦ N, 172.9◦ E), Biak (1.2◦ S, 136.1◦ E),
Watukosek (7.6◦ S, 112.7◦ E), Bandung (6.9◦ S, 107.6◦ E),
Kototabang (0.2◦ S, 100.3◦ E), Hanoi (21.0◦ N, 105.8◦ E),
and San Crist́obal (0.9◦ S, 89.6◦ W) since 1998 to shed
light on the climatological differences along the equator.
The longitudinal structure thus obtained must have been
brought about by meteorological conditions such as local
convective activity, isentropic level changes, season and El
Niño/Southern Oscillation (ENSO) phase. Our primary focus
is to examine whether the difference could be interpreted by
the “cold-trap” hypothesis. We will thus pay special attention
to the origin and Lagrangian temperature history of the ob-
served air parcels, and derive mutual relationships between
OMR and SMRmin. The difference between the statistical
features on each isentrope will be interpreted as an indication
of the progress of dehydration (or hydration) as the air grad-
ually ascends diabatically in the TTL. Before starting such
analyses, efforts are made to create the most suitable dataset
for this purpose by carefully estimating the observational er-
rors and paying attention to the possible phase delay in the
instrumental output. The data obtained by SW are not used,
while those using the FPH and CFH are analysed to achieve
better homogeneity in the analysed data. Homogeneous nu-
cleation and supersaturation are discussed by combining the
information on water concentration from sondes and ice par-
ticles from lidar and backscatter sondes when available. The
estimation of the typical time scale for dehydration and the
degree of supersaturation critical for initiating ice nucleation,
both important measures of the efficiency of cold trap dehy-
dration, will be done in a separate paper (Inai et al., 2013)
that deals with the water vapour “match”. The role of large
scale atmospheric waves on the TTL dehydration will be dis-
cussed in a separate paper under preparation.

Section 2 introduces the SOWER campaigns including
the sounding statistics and climatological conditions. The
method of analysis for water vapour sonde data and corre-
sponding trajectories is presented in Sect. 3. The results of
both the statistical relationships between OMR and SMRmin
and detailed meteorological interpretation for a couple of
cases are described in Sect. 4. Discussion of the results is
in Sect. 5 before summarising the findings in Sect. 6.

2 SOWER campaigns

SOWER water vapour observations have been conducted on
a campaign basis. Those stations that have operated frost-
point hygrometers FPH and CFH are listed in Table1. The
setting of the campaigns has shifted from the Eastern to the
Western Tropical Pacific and the time of operation has been
confined exclusively to boreal winter as our studies have be-
come focused on the dehydration processes in the TTL. The
early SOWER campaigns coincide with the developing of

Atmos. Chem. Phys., 13, 4393–4411, 2013 www.atmos-chem-phys.net/13/4393/2013/
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Table 1. Summary of water vapour sonde observations during each campaign. Only those with NOAA Frostpoint Hygrometer (FPH) and
Cryogenic Frostpoint Hygrometer (CFH) are shown. See Fig.1 for geographical location.

Hanoi Kototabang Bandung Watukosek Biak Tarawa San Cristóbal

Lat. 21.0 −0.2 −6.9 −7.6 −1.2 1.4 −0.9
Lon. 105.8 100.3 107.6 112.7 136.1 172.9 −89.6

1998 – – – – – – 3 (Mar/Apr), 3 (Sep)
1999 – – – – – – 3 (Mar), 3 (Sep/Oct)
2000 – – – – – – 6 (Nov/Dec)
2001 – – – 5 (Nov/Dec) – – –
2002 – – – – – – 2 (Aug)
2003 – – 4 (Dec) 3 (Jan) – – 1 (Mar)
2004 – – 4 (Dec) – – – 2 (Jul)
2005 – – – – – 2 (Dec) –
2006 – – – – 9 (Jan) – –
2007 6 (Jan) 5 (Jan) – – 6 (Jan) 5 (Jan) –
2008 5 (Jan) 4 (Jan) – – 7 (Jan) – –
2009 4 (Jan) – – – 4 (Jan) – –

the CFH and it was not until 2005 that consistently stable
data became available from CFH. The following analysis be-
gins with the development of an objective analysis scheme
of sonde data that is not always uniform in the quality of ob-
served values (Sect. 3).

SOWER aerosol observations have been made by Mie li-
dars installed at Bandung, Biak and Kototabang in Indone-
sia (Shibata et al., 2007), at Tarawa in Kiribati and on the
research vessel “Mirai” (Fujiwara et al., 2009). The data
shown in the present analysis are the backscattering coeffi-
cient at the 532 nm wavelength taken at Biak. SeeShibata
et al.(2012) for a more complete description of the Biak lidar
system. Scattering from aerosols has also been observed, two
launches thus far in SOWER campaigns, using the COBALD
balloon-borne aerosol sonde (http://www.iac.ethz.ch/groups/
peter/research/Balloonsoundings/COBALDsensor) devel-
oped by Frank G. Wienhold in the group of Thomas Peter at
the Swiss Federal Institute of Technology (ETH). The optical
properties of aerosol and cloud particles are measured by the
backscatter ratio at wavelengths 455 nm and 870 nm, by nor-
malising the raw signal to the molecular scattering derived
from the ambient molecular number density, using the tem-
perature and pressure measured by the radiosonde (Brabec
et al., 2012).

Before looking into details of the dehydration processes, it
is useful to take a brief look at the averaged meteorological
fields for representative campaigns. The latitude-longitude
distributions of the horizontal wind components (arrows) and
temperature (colour) on the 370 K isentropic surface are de-
rived from the European Centre for Medium-Range Weather
Forecasts (ECMWF) operational analyses and are shown as
an average over the campaign period in Fig.1. This isen-
trope has been chosen to be close to the cold point tropopause
(CPT). The white circles are the location of the stations.
There is obviously a clear interannual variations reflecting

the ENSO condition and the phase of the quasi-biennial os-
cillation (QBO). The occurrence of ENSO generally shifts
the western tropical cold core in the TTL to the east together
with a general warming of the troposphere. The QBO modu-
lates the zonal mean temperature as expected from the ther-
mal wind relationship with the zonal wind (Plumb and Bell,
1982) leading to a warm (cold) TTL corresponding to the ar-
rival of the descending westerly (easterly) phase at the low-
ermost stratosphere (Hasebe, 1994).

3 Method of analysis

3.1 Processing of sonde data

While the atmospheric pressurep is usually used as an inde-
pendent variable for radiosonde observations of temperature
T and horizontal wind components, it is also subject to ob-
servational uncertainties. To minimise possible mean bias in
the raw pressure data, we have employed a pressure correc-
tion, usually small, using the method proposed byInai et al.
(2009) whenever simultaneous GPS height data are available.

The mixing ratio is used for the quantitative description of
tracers as it is conserved following the atmospheric motion
as long as chemical production/loss and physical condensa-
tion/evaporation are negligible. The primary quantity for the
water vapour measurements by chilled-mirror hygrometers
(such as FPH) is the frostpoint temperatureTfr . It is converted
to water mixing ratioχ referenced to the ambient pressure.
In the present analysis, all observed values are projected on
isentropic surfaces to take advantage of the conservation of
bothχ and potential temperatureθ following adiabatic atmo-
spheric motion. The data processing procedure that includes
an objective evaluation ofχ and its observational uncertain-
ties on isentropes is described in the following.

www.atmos-chem-phys.net/13/4393/2013/ Atmos. Chem. Phys., 13, 4393–4411, 2013
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Fig. 1. Latitude-longitude sections of the mean horizontal wind component (vectors; scales of 40 m s−1 at the

bottom right) and temperature (colour) on 370 K isentropic surface during four SOWER campaigns deduced

from ECMWF operational analyses. The averages are taken for 31 days covering the primary campaign period.

Ground stations operated during the corresponding period, Tarawa (TR), Biak (BI), Kototabang (KT), and

Hanoi (HN), are indicated.
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Fig. 1. Latitude-longitude sections of the mean horizontal wind component (vectors; scales of 40 m s−1 at the bottom right) and temperature
(colour) on 370 K isentropic surface during four SOWER campaigns deduced from ECMWF operational analyses. The averages are taken
for 31 days covering the primary campaign period. Ground stations operated during the corresponding period, Tarawa (TR), Biak (BI),
Kototabang (KT) and Hanoi (HN), are indicated.

The frostpoint hygrometers maintain constant frost on
a mirror by using its reflectance as a feedback signal to con-
trol the mirror temperature so that it is equal to the frostpoint
temperature of the ambient air. The accuracy of the measure-
ments depends on several aspects such as the temperature
uniformity of the mirror and calibration of the thermistor.
The largest source of the uncertainty for CFH measurements
is, however, the stability of the feedback controller resulting
in the overall uncertainty of 0.51◦C in Tfr corresponding to a
range from 4 % in the tropical lower troposphere to 10 % in
the middle stratosphere in water mixing ratio (Vömel et al.,
2007a). What is specific for the frostpoint hygrometer mea-
surements is the finite length of time for the frost on the mir-
ror to achieve equilibrium with the environment. In the lower
tropospheric condition, e.g., 20◦C, the response timeτ for
the instrument to maintain frost on the mirror is short enough
to be neglected. However, it becomes longer higher up in the
atmosphere due to lengthening of the time for vapour-water
and vapour-ice equilibrium on the mirror to be achieved. It
may reach 10 s and as long as 80 s under the condition of
−30◦C and−60◦C, respectively, in the case of SW (Fuji-
wara et al., 2003). This is one of the reasons we do not use
SW in this study. The CFH, on the other hand, is designed
to optimize the individual settings of the on board feedback
controller so thatτ be minimum without causing spurious
fluctuations in the observed data (Vömel et al., 2007a,b).
However, in the upper troposphere and lower stratosphere, as
is discussed later,τ could be much longer than the sampling
interval of about 7 s for TMAX-C and 1.4 s for V2C systems
that transmit telemetry data to the ground station. As a re-
sult, fluctuations shorter thanτ in the raw radiosonde data

are mostly an artifact created by the instrumental feedback
system. This is clearly seen in the early NOAA/FPH data that
rely on the TMAX-C system (Fig.2). The diagram at the top-
left illustrates the ascending (green) and descending (purple)
vertical profiles of water mixing ratio taken at San Cristóbal
in March 1998. Some detailed structures, if any, are not re-
solved by relatively large uncertainties in the fluctuations in
the data. Such instrumental noise is greatly reduced in the
most recent ten years due to the improvement in the mirror
temperature control system as can been seen in the top-right
of the figure showing the similar profile observed at Biak in
January 2008 with the CFH using the V2C system.

Such instrumental noise can be reduced by smoothing the
sequence of raw frostpoint temperature profiles as long as
the noise can be regarded as random. The details of data
processing on pressure levels including the smoothing pro-
cedure are described in AppendixA1. The smoothing with
the time interval similar to that forTfr has been applied to
p andT , both primary observed quantities for radiosondes,
to guarantee mutual consistency among derived quantities.
It should be mentioned, however, that the response time for
p andT is much shorter than the sampling intervals in all
observation range. The estimated uncertainties inp andT

are mostly composed of natural variability rather than instru-
mental noise. The details of the estimation of uncertainties in
the smoothed values are also given in AppendixA1.

We now have the smoothed values of pressurepi , tem-
peratureT (pi), and frostpoint temperatureT fr(pi), together
with the estimates of errors1p(pi), 1T (pi), and1Tfr(pi),
respectively, for each sounding leveli. The partial pres-
sure of water is given by the saturation water pressure

Atmos. Chem. Phys., 13, 4393–4411, 2013 www.atmos-chem-phys.net/13/4393/2013/
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Fig. 2. Examples of water mixing ratio (ppmv) profiles taken at (left) San Cristóbal (SC) in March 1998

and (right) Biak (BI) in January 2008. Ascending (green) and descending (purple) profiles are superposed to

visualize the phase delay associated with the upward and downward sonde motion. (Top) raw data, (middle)

same data projected on isentropic coordinates, and (bottom) same with phase correction applied. See Appendix

for the data processing procedure and the derivation of uncertainties shown in horizontal bars.
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Fig. 2. Examples of water mixing ratio (ppmv) profiles taken at
(left) San Crist́obal (SC) in March 1998 and (right) Biak (BI) in Jan-
uary 2008. Ascending (green) and descending (purple) profiles are
superposed to visualise the phase delay associated with the upward
and downward sonde motion. (Top) raw data, (middle) same data
projected on isentropic coordinates, and (bottom) same with phase
correction applied. See Appendix for the data processing procedure
and the derivation of uncertainties shown in horizontal bars.

esat corresponding toT fr . The Goff–Gratch equation (Goff
and Gratch, 1946; Murray, 1967; Murphy and Koop, 2005;
Hasebe et al., 2007) is used for its estimation. The water mix-
ing ratioχ(pi) is readily derived by dividingesat by pi . Be-
fore projectingχ(pi) on isentropes, we estimate the errors
in θ(pi) as well asχ(pi). The detailed procedure is given in
AppendixA1. All these quantities are taken into account in
deriving the uncertainties of water mixing ratio on isentropes.
The procedure for the projection of the pressure-based val-
ues on isentropes is described in AppendixA2. The results
are shown in the middle of Fig.2. The horizontal bars in-
dicate the range of uncertainties that arise from total (both
instrumental and natural) variability. Due to the mutual de-

pendency of errors among the data used in the smoothing, it
is not appropriate to identify any specific value for the prob-
ability that the population mean sits within the range of these
bars (see AppendixA1). However, it does provide useful in-
formation on the range of uncertainties in the obtained pro-
files.

Some differences between the ascending (green) and de-
scending (purple) profiles are noted in the range between
350 and 420 K from the Biak data (Fig.2 middle right) ex-
hibiting a wavy structure with maxima and minima located
at a higher (lower) isentrope in the ascending (descending)
data. This is mostly attributable to the delay in the response
of the frost on the mirror of the hygrometer rather than the
difference in the sampled air volume. Full understanding of
such behaviour requires adequate knowledge of the mirror
temperature control system. In the present analysis, we take
a practical approach by applying inverse filtering to the ob-
served data to compensate for the phase delay as much as
possible. The method of phase correction is described in Ap-
pendixA3. The adopted values of the response timeτ are
4 s in the upper troposphere (250> p ≥ 150 hPa), 8 s in the
lower TTL (150> p ≥ 120 hPa), and 10 s in the upper TTL
and the stratosphere (p < 120 hPa) while the lag is neglected
(τ = 0) in the lower- and middle troposphere (p ≥ 250 hPa).
The corrected profiles are shown at the bottom of Fig.2. Un-
fortunately the sharp minimum in the ascending data near
370 K cannot be reproduced from the descending data as the
instrument does not capture the signal during descent. How-
ever, we can see the phase correction working reasonably
well to compensate for the phase lag arising from the limita-
tions of the observational principle of the frostpoint hygrom-
eter. This correction gives greater confidence in the degree of
supersaturation derived from the analysis (Sect. 4).

3.2 Trajectory analysis

The water content of any air parcel observed by sondes is
controlled by many factors, in addition to the amount of wa-
ter it originally contained, such as the dehydration it has
experienced during horizontal advection and hydration due
to evaporation of cloud particles and/or precipitation from
above. The degree of dehydration the observed air parcels
are subjected to is examined by using the temperature history
along the trajectories. For this purpose, isentropic backward
trajectories are calculated using the global analysis field.

We employ the 1.125◦ latitude by 1.125◦ longitude hor-
izontal resolution and 60 model-level (L60) version of the
ECMWF reanalyses ERA40 in six-hour intervals until De-
cember 2002. After that the 1◦ by 1◦ six-hour interval
ECMWF operational analysis L60 dataset is used until Jan-
uary 2006 and L91 thereafter. Because of the limited spa-
tiotemporal resolution of the model, the trajectory calcu-
lations based on the global analysis field cannot eliminate
errors arising from small scale features unresolved in the
model. Although any complete assessment of the accuracy

www.atmos-chem-phys.net/13/4393/2013/ Atmos. Chem. Phys., 13, 4393–4411, 2013
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Fig. 3. Profiles of temperature (black) and zonal (red) and meridional (blue) wind components as a function

of (left) pressure (hPa) and (right) potential temperature (K) at Kototabang observed on 11 January 2008.

Radiosonde observations (densely populated crosses) and corresponding ECMWF analysis interpolated to the

station (diamonds) are compared.

Fig. 4. Ensemble mean differences of (left) temperature and (center) zonal and (right) meridional wind compo-

nents between radiosonde observations and ECMWF analysis illustrated as a function of potential temperature.

Estimations are made by using SOWER station data at Tarawa, Biak, Bandung and Kototabang for the period

(top) before and (bottom) after December 2006. The horizontal bars correspond to the confidence interval of

99 %.
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Fig. 3. Profiles of temperature (black) and zonal (red) and merid-
ional (blue) wind components as a function of (left) pressure
(hPa) and (right) potential temperature (K) at Kototabang observed
on 11 January 2008. Radiosonde observations (densely populated
crosses) and corresponding ECMWF analysis interpolated to the
station (diamonds) are compared.

of the derived trajectories is not feasible, some comparisons
of our sonde data with the global analysis field will be helpful
in getting an idea of the limitation of such calculations. Be-
fore calculating the trajectories, a brief survey is conducted
by comparing the vertical profiles of temperature and wind
components provided by the ECMWF analysis field against
our sonde observations. Note that ECMWF does not include
SOWER data in the analyses and thus the sets to be compared
in the following are mutually independent.

Figure3 shows an example from such comparisons. The
sequences of crosses that look like heavy lines are the sonde
profiles of temperature (black) and zonal (red) and merid-
ional (blue) wind components, while sparsely plotted dia-
monds are those interpolated to the station at the time of
launch from the six-hour interval ECMWF gridpoint data
(left). ECMWF data on model levels are interpolated to pre-
scribed pressure levels with an adequate interval so as not to
lose the model’s vertical resolution. The sonde data are pro-
jected on potential temperature surfaces in every 0.2 K be-
tween 340 and 360 K, 0.5 K between 360 and 380 K, and
every 1.0 K from 380 to 700 K. The results are shown on
the right where sonde data are illustrated in crosses while
the ECMWF data converted from pressure coordinates are
shown in diamonds. As is expected, small scale features in
sonde data are missing in the interpolated ECMWF data even
though the overall features agree reasonably well between
the two datasets.

Statistical features derived from such comparisons be-
tween sonde and ECMWF fields are illustrated in Fig.4, that
shows the mean bias of the analysis field against sonde data
at SOWER stations with superimposed bars corresponding to
the confidence interval of 99 %. The top and bottom panels
are drawn by using the data before and after December 2006,
respectively, when the operational use of GPS temperature
data by COSMIC started in ECMWF. There are some no-

ticeable biases, one in zonal wind at around 380 K and 440 K
in the former period (centre; red) and the other in tempera-
ture at around 430 K and 360 K (left; black) in the former and
the latter period, respectively. It is interesting to note that the
biases are reduced in the statistics after December 2006 (bot-
tom) not only in temperature but also in wind components.
The improvement in the quality of meteorological fields in
general may indicate the model’s response to the high res-
olution COSMIC temperature data adjusting the dynamical
fields to be consistent with observed temperature. However,
there is one exception; the cold bias in ECMWF temperature
at around 360 K, common in both periods, becomes statis-
tically significant in the latter. This bias will be taken into
account in the estimation of saturation mixing ratio along the
trajectories.

Figure5 shows another type of comparison that illustrates
time series of temperature (black) and zonal (red) and merid-
ional (blue) wind components on the 370 K isentrope at Biak
covering the 2006 (top) and 2007 (bottom) campaigns in Jan-
uary. The overall agreement is good in the latter while some
noticeable differences are found in the former. Although it is
hard to draw generalised conclusion from our limited com-
parisons, it is quite impressive to see the improvement of the
ECMWF analysis in the COSMIC era.

In spite of such shortcomings in the analysis field, tra-
jectory calculations have proven to be a convenient tool for
many purposes including the dehydration studies. To cope
with the uncertainties and to try to deduce as much infor-
mation as possible, we will take a probabilistic approach
throughout our study. The advected air parcel is expressed
by a set of segments initialised in the area representative of
the air mass observed by sondes. This will help visualise the
deformation of the air parcels due to wind shear and the bi-
furcation of the trajectories at the saddle point encountered
along the advection (e.g., south of Tarawa in the bottom panel
of Hasebe et al., 2007, Fig. 1). Figure6 illustrates the dis-
tribution of such segments on initialisation (equally spaced
crosses filling the circle over the station with the density of 10
segments per degree) superposed on three sonde flight tracks
(solid lines in colour). The diameter of the circle has been
chosen to be 1◦ in latitude/longitude to cover almost the en-
tire flight track of typical sonde flights with the intention of
covering the range of uncertainties in the location of the ob-
served air mass. The temperature history of each air mass
observed by sondes is examined by using a bundle of 81 tra-
jectories initialized at these points.

An example from such trajectories is shown in Fig.7,
which shows the horizontal projection of seven-day back-
ward trajectories on the 353 K isentrope corresponding to
the sonde flight from Biak on 8 January 2006. Those on
the top panel are colour-coded by the saturation mixing ra-
tio (SMR) for the advected air parcel estimated from the
ECMWF temperature field using the Goff-Gratch equation.
We can see that the air parcel was exposed to a relatively
high SMR about 3–4 days prior to observation as indicated
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Fig. 3. Profiles of temperature (black) and zonal (red) and meridional (blue) wind components as a function

of (left) pressure (hPa) and (right) potential temperature (K) at Kototabang observed on 11 January 2008.

Radiosonde observations (densely populated crosses) and corresponding ECMWF analysis interpolated to the

station (diamonds) are compared.

Fig. 4. Ensemble mean differences of (left) temperature and (center) zonal and (right) meridional wind compo-

nents between radiosonde observations and ECMWF analysis illustrated as a function of potential temperature.

Estimations are made by using SOWER station data at Tarawa, Biak, Bandung and Kototabang for the period

(top) before and (bottom) after December 2006. The horizontal bars correspond to the confidence interval of

99 %.
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Fig. 4. Ensemble mean differences of (left) temperature and (centre) zonal and (right) meridional wind components between radiosonde
observations and ECMWF analysis illustrated as a function of potential temperature. Estimations are made by using SOWER station data at
Tarawa, Biak, Bandung and Kototabang for the period (top) before and (bottom) after December 2006. The horizontal bars correspond to the
confidence interval of 99 %.

Fig. 5. Time series of temperature (black) and zonal (red) and meridional (blue) wind components based on 6-h

interval ECMWF analysis interpolated to 370 K potential temperature level at Biak station for the period (top)

from 21 December 2005 to 30 January 2006 and (bottom) from 15 December 2006 to 24 January 2007. Sonde

observations are superposed by dots.

Fig. 6. Initial location of air segments set for calculating backward trajectories distributed with an interval of

0.1◦ in a diameter of 1◦ centered at Biak sonde station. Underlying solid curves are the horizontal projection of

three sonde flight tracks drawn for the purpose of reference.
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Fig. 5. Time series of temperature (black) and zonal (red) and
meridional (blue) wind components based on 6 h interval ECMWF
analysis interpolated to 370 K potential temperature level at Biak
station for the period (top) from 21 December 2005 to 30 January
2006 and (bottom) from 15 December 2006 to 24 January 2007.
Sonde observations are superposed by dots.

Fig. 5. Time series of temperature (black) and zonal (red) and meridional (blue) wind components based on 6-h

interval ECMWF analysis interpolated to 370 K potential temperature level at Biak station for the period (top)

from 21 December 2005 to 30 January 2006 and (bottom) from 15 December 2006 to 24 January 2007. Sonde

observations are superposed by dots.

Fig. 6. Initial location of air segments set for calculating backward trajectories distributed with an interval of

0.1◦ in a diameter of 1◦ centered at Biak sonde station. Underlying solid curves are the horizontal projection of

three sonde flight tracks drawn for the purpose of reference.
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Fig. 6. Initial location of air segments set for calculating backward
trajectories distributed with an interval of 0.1◦ in a diameter of 1◦

centred at Biak sonde station. Underlying solid curves are the hori-
zontal projection of three sonde flight tracks drawn for the purpose
of reference.

by the orange portion of the trajectories. It experienced low
SMR at the early and final stages of the advection as judged
by light green. The possible influence of penetrating deep
convection on the advected air parcel is examined by com-
paring instantaneous air temperatureT given by the analysis
field with the underlying earth’s equivalent blackbody tem-
peratureTbb observed by the geostationary meteorological
satellites Geostationary Operational Environmental Satellite-
9 (GOES-9) and Multi-functional Transport Satellite-1 Re-
placement (MTSAT-1R). The resolution ofTbb is 20 pixels
per degree (i.e., roughly 5× 5 km) with a one hour time in-
terval. The results are shown on the bottom panel of the fig-
ure and shows the trajectories colour coded by the difference
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Fig. 7. Seven-day isentropic backward trajectories started from Biak (left end) on 353 K surface corresponding

to the sounding on 8 January 2006. Trajectories are colour-coded by (top) saturation mixing ratio estimated

from ECMWF temperature analysis and (bottom) the difference between the equivalent blackbody temperature

(brightness temperature) Tbb observed by geostationary satellite and the temperature T of the advected air parcel

(δTbb ≡Tbb −T ).

Fig. 8. Vertical profiles of (left) temperature (black; ◦C), frostpoint temperature observed by CFH (Tfr; green;
◦C), and ozone mixing ratio (purple; ppbv in upper scale), and (right) water mixing ratio converted from Tfr

shown on the left (green; ppmv in upper scale), relative humidity with respect to ice (RHice; red; %), and

backscattering ratio (BSR) observed by COBALD (blue channel: 455 nm) multiplied by 10 (blue) taken from

the ascending portion of the sounding launched at 12:33 GMT on 11 January 2008 at Biak. Horizontal bars are

the estimated uncertainties as described in Appendix A2. Dashed vertical lines on the right panel correspond to

100 % in RHice (red) and 1 in BSR (blue).
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Fig. 7. Seven-day isentropic backward trajectories started from
Biak (left end) on 353 K surface corresponding to the sounding
on 8 January 2006. Trajectories are colour-coded by (top) satu-
ration mixing ratio estimated from ECMWF temperature analysis
and (bottom) the difference between the equivalent blackbody tem-
perature (brightness temperature)Tbb observed by geostationary
satellite and the temperatureT of the advected air parcel (δTbb ≡

Tbb− T ).

betweenTbb andT . The dark colours such as purple indicate
that the difference between the two (δTbb ≡ Tbb−T ) is nega-
tive meaning that the cloud top is colder and thus higher than
the advected air parcel. The southern portion of the trajecto-
ries indicates that the air parcel may have encountered deep
convection and that the air mass may have been replaced by
convectively lifted lower-tropospheric humid air during the
early stage of advection. This information will be used in the
interpretation of the water content of the air mass observed
by hygrometers.

4 Results

4.1 Case study from individual soundings

In this subsection, two selected profiles are discussed in de-
tail with the aim of providing a meteorological interpreta-
tion of the overall results in terms of TTL dehydration. The
left-hand panel of Fig.8 shows the vertical profiles of tem-
perature (T ; black), frostpoint temperature (Tfr ; green), and
ozone mixing ratio (O3; purple) observed on 11 January 2008
at Biak. The lower boundary of TTL, implied by the upward
ozone increase from its tropospheric value of about 25 ppbv,
is found at around 360 K. The atmosphere below 354 K po-
tential temperature is near saturation as seen from the almost
overlapping profiles ofT andTfr . Similarly, the air between

Fig. 7. Seven-day isentropic backward trajectories started from Biak (left end) on 353 K surface corresponding

to the sounding on 8 January 2006. Trajectories are colour-coded by (top) saturation mixing ratio estimated

from ECMWF temperature analysis and (bottom) the difference between the equivalent blackbody temperature

(brightness temperature) Tbb observed by geostationary satellite and the temperature T of the advected air parcel

(δTbb ≡Tbb −T ).

Fig. 8. Vertical profiles of (left) temperature (black; ◦C), frostpoint temperature observed by CFH (Tfr; green;
◦C), and ozone mixing ratio (purple; ppbv in upper scale), and (right) water mixing ratio converted from Tfr

shown on the left (green; ppmv in upper scale), relative humidity with respect to ice (RHice; red; %), and

backscattering ratio (BSR) observed by COBALD (blue channel: 455 nm) multiplied by 10 (blue) taken from

the ascending portion of the sounding launched at 12:33 GMT on 11 January 2008 at Biak. Horizontal bars are

the estimated uncertainties as described in Appendix A2. Dashed vertical lines on the right panel correspond to

100 % in RHice (red) and 1 in BSR (blue).
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Fig. 8. Vertical profiles of (left) temperature (black;◦C), frostpoint
temperature observed by CFH (Tfr ; green;◦C), and ozone mixing
ratio (purple; ppbv in upper scale), and (right) water mixing ra-
tio converted fromTfr shown on the left (green; ppmv in upper
scale), relative humidity with respect to ice (RHice; red; %), and
backscattering ratio (BSR) observed by COBALD (blue channel:
455 nm) multiplied by 10 (blue) taken from the ascending portion
of the sounding launched at 12:33 GMT on 11 January 2008 at Biak.
Horizontal bars are the estimated uncertainties as described in Ap-
pendixA2. Dashed vertical lines on the right panel correspond to
100 % in RHice (red) and 1 in BSR (blue).

363 K and 368 K is close to saturation (RHice > 70 %). The
layer between 355 K and 363 K, sandwiched between humid
regions, is almost isothermal and exhibits little change inTfr
as well. The fact thatTfr is appreciably smaller thanT indi-
cates the dryness of this layer, as can be seen from the right
panel of Fig.8, where the corresponding profiles of water
mixing ratio (green) and relative humidity with respect to
ice (RHice; red) show low values. The profiles of RHice stay
within the range between 25 % and 50 % in this layer in con-
trast to the near saturation below and above. No ice particles
were detected by the COBALD Backscatter Sonde in this dry
layer as can be seen from the profile of the backscatter ratio
(BSR; blue).

In the saturated layer below 354 K, COBALD shows a pro-
nounced cirrus layer, with a geometric thickness of about
2 km and an estimated optical thickness of about 0.1. Al-
though the uncertainties of RHice in this layer are relatively
large, the maximum value within the particle layer reaches
129± 14 %, i.e., clearly supersaturated. This cloud layer is
also detected by the lidar at Biak station. Figure9 shows
the time-height section of the backscattering coefficient at
532 nm observed by lidar. We can see clouds at the altitude
range from 12 to 16 km illustrated in warm colours. The large
values of the depolarisation ratio (not shown) simultaneously
observed with the backscattering coefficient indicate that the
cloud particles are frozen ice (cirrus clouds).

It is interesting to investigate the meteorological basis for
this layered structure from a Lagrangian point-of-view. We
can see that the profile shown in Fig.8 is directly related to
the atmospheric flow pattern and the region from which the
air masses originated. Figure10illustrates the horizontal pro-
jection of the isentropic backward trajectories colour-coded
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Fig. 9. Time-height section of the backscattering coefficient (m−1 str−1) at 532 nm observed by the Biak lidar.

Red dotted lines: superposed ascending and descending sonde flight tracks. White bands: periods with low data

quality. Local time at Biak shown in abscissa is GMT + 9. The range in which the COBALD BSR exceeds 10

in Fig. 8 corresponds to altitudes between 13.2 and 15.0 km.

Fig. 10. Seven-day isentropic backward trajectories started from Biak on (top) 370, (middle) 360, and (bottom)

353 K surfaces corresponding to the observation shown in Fig. 8. Trajectories are colour-coded by saturation

mixing ratio estimated from ECMWF analysis.
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Fig. 9. Time-height section of the backscattering coefficient
(m−1 str−1) at 532 nm observed by the Biak lidar. Red dotted lines:
superposed ascending and descending sonde flight tracks. White
bands: periods with low data quality. Local time at Biak shown
in abscissa is GMT+ 9. The range in which the COBALD BSR
exceeds 10 in Fig.8 corresponds to altitudes between 13.2 and
15.0 km.

by the instantaneous saturation mixing ratio (SMR) on the
370 K (upper humid layer), 360 K (middle dry layer) and
353 K (in the midst of the saturated layer) surfaces for the
sonde profile shown in Fig.8. The SMR for these air masses
regularly has relatively high values while they traveled in
mid-latitudes, but it becomes low after they reached the re-
gion within ±10 degrees latitude of the equator, where they
were exposed to low temperature. This is due to the gen-
eral tendency of the isentropes in the TTL, e.g., 360 K, to
be higher in the tropics than in mid-latitudes. However, we
can readily see the clear difference of the 360 K air masses
against those on the 353 K and 370 K surfaces. Those at
360 K originated from the northern mid-latitudes while those
at both 353 K and 370 K have been advected from the south-
ern mid-latitudes. The gross features of the vertical structure
could be thus related to the origin of the air masses on the
hemispheric scale.

If we look in more detail at the SMR along trajectories,
we can see that the air parcels have experienced a couple
of cold events. For example, those at 370 K were advected
from an extremely cold region far east of Papua New Guinea
with the SMR as low as 0.5 ppmv (182.4 K on 169.1 hPa),
which is much lower than the observed mixing ratio (OMR)
of 1.7± 0.2 ppmv over Biak. The difference between OMR
and SMR is a measure of the dehydration efficiency obser-
vationally deduced. Similar calculation for the air parcel at
360 K shows that the minimum SMR during the seven days
(SMRmin) is about 1.4 ppmv (185 K, 99 hPa) as compared
to the OMR of 2.9± 0.4 ppmv, and SMRmin = 5.4 ppmv
(196 K, 160 hPa) against OMR= 9.8± 1.7 ppmv at 353 K.
What is clear for those at 353 K is that the parcels over Biak
are just experiencing the low temperature (197.6 K) compa-
rable to that of SMRmin, consistent with the existence of ice
particles confirmed by COBALD and lidar.

In order to examine the possible intrusion of deep con-
vection into the advected air masses, Fig.11 compares the

Fig. 9. Time-height section of the backscattering coefficient (m−1 str−1) at 532 nm observed by the Biak lidar.

Red dotted lines: superposed ascending and descending sonde flight tracks. White bands: periods with low data

quality. Local time at Biak shown in abscissa is GMT + 9. The range in which the COBALD BSR exceeds 10

in Fig. 8 corresponds to altitudes between 13.2 and 15.0 km.

Fig. 10. Seven-day isentropic backward trajectories started from Biak on (top) 370, (middle) 360, and (bottom)

353 K surfaces corresponding to the observation shown in Fig. 8. Trajectories are colour-coded by saturation

mixing ratio estimated from ECMWF analysis.

32

Fig. 10. Seven-day isentropic backward trajectories started from
Biak on (top) 370, (middle) 360, and (bottom) 353 K surfaces corre-
sponding to the observation shown in Fig.8. Trajectories are colour-
coded by saturation mixing ratio estimated from ECMWF analysis.

SMR along the trajectories with the underlying equivalent
blackbody temperature (Tbb). The top panel is the same as
the bottom of Fig.10, but drawn only for the three days be-
fore sonde observation, while the bottom is the same as the
top except that the trajectories are colour-coded by the dif-
ference of the instantaneousTbb from the air temperatureT
(δTbb ≡ Tbb− T ). The air parcels experienced a relatively
cold environment four times during the three days; just over
Biak, about a half day, about 45 h, and about 65 h before ar-
rival at Biak. Between these events, they passed through a
relatively warm environment, which means that they were
advected at relatively high pressure (low altitudes). The last
of these events is found when they passed 140◦ E. Between
this event and the arrival over Biak at 5 to 11 GMT on 11 Jan-
uary 2008, some portion of the air parcels may have encoun-
tered deep convection as values less than 20 K are observed
for δTbb. It is hard to identify its critical value for which deep
convection actually reaches air parcels drifting above, but the
minimum value of 14 K detected in this case may be low
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Fig. 11. (Top) the same as the bottom panel (353 K) of Fig. 10 but for three-day portion of the backward trajec-

tories, and (bottom) the same but colour-coded by the difference between the equivalent blackbody temperature

Tbb observed by geostationary satellite and the air temperature T (δTbb ≡ Tbb −T ). Dark colours indicate

penetrating convective clouds while warm colours cloud-free air at or above trajectory.

Fig. 12. The same as Fig. 8 but for the launch conducted at 8:48 GMT on 14 January 2006. Note that the

vertical range is from 350 to 390 K rather than 340 to 380 K as in Fig. 8. COBALD data are not available at the

time of this observation.
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Fig. 11. (Top) the same as the bottom panel (353 K) of Fig.10,
but for three-day portion of the backward trajectories, and (bottom)
the same but colour-coded by the difference between the equivalent
blackbody temperatureTbb observed by geostationary satellite and
the air temperatureT (δTbb ≡ Tbb−T ). Dark colours indicate pen-
etrating convective clouds while warm colours cloud-free air at or
above trajectory.

enough to suspect intrusion by deep convection. The satura-
tion around 353 K over Biak (Fig.8) is inferred from possible
intrusion of deep convection within several hours before the
sonde observations. There were no such events (δTbb ≤ 20 K)
for the trajectory sets on 360 K and 370 K.

Another sounding shown in Fig.12 exhibits very humid
layers in terms of relative humidity. One is the thin layer cen-
tred at 351 K and the other is the broad region (in isentropic
coordinates) around the cold-point tropopause (CPT) near
380 K. The former, sitting just below the TTL lower bound-
ary with a marked ozone increase and a sudden drop of frost-
point temperature, is not discussed here as the behaviour of
the instrument raises questions on the validity of the observed
values. In the latter case around 380 K, the layer of supersatu-
ration spans 374.0 K (17 551 m) to 402.0 K (18 720 m) in po-
tential temperature with the maximum RHice value reaching
179±14 % on 378.5 K (18 247 m). The atmospheric temper-
ature on this level is 180.2 K (−93.0◦C), which is slightly
higher than that of the CPT of 179.8 K (−93.3◦C) found
in the raw sonde record at 379.5 K (18334 m). This super-
saturation is found within the cirrus clouds as can be seen
from the lidar backscatter signal (Fig.13). The RHice value
of 179± 14 % within the cirrus is extremely high, although
similar values have been reported previously (Krämer et al.,
2009). As expected, the subsaturated layer at around 369.0 K
(16 982 m) with the RHice value of 96± 10 % shows no sig-
nal in the cross-section of the lidar backscattering coefficient.

Fig. 11. (Top) the same as the bottom panel (353 K) of Fig. 10 but for three-day portion of the backward trajec-

tories, and (bottom) the same but colour-coded by the difference between the equivalent blackbody temperature

Tbb observed by geostationary satellite and the air temperature T (δTbb ≡ Tbb −T ). Dark colours indicate

penetrating convective clouds while warm colours cloud-free air at or above trajectory.

Fig. 12. The same as Fig. 8 but for the launch conducted at 8:48 GMT on 14 January 2006. Note that the

vertical range is from 350 to 390 K rather than 340 to 380 K as in Fig. 8. COBALD data are not available at the

time of this observation.

33

Fig. 12. The same as Fig.8 but for the launch conducted at
08:48 GMT on 14 January 2006. Note that the vertical range is from
350 to 390 K rather than 340 to 380 K as in Fig.8. COBALD data
are not available at the time of this observation.

The cirrus clouds appearing moments after the sonde passage
at a little lower than 14 km in lidar data do not exhibit appre-
ciable signal in the sonde humidity profile, although a small
maximum of 80± 5 % in RHice is seen at this altitude. Tak-
ing these measurements at face value with the assumption
that the air masses sampled by the sonde and lidar are iden-
tical, a sudden cooling due to a temperature perturbation of
at least 2 to 6 K would be required to explain the cloud de-
velopment in terms of heterogeneous or homogeneous nucle-
ation, respectively. The depolarization ratio (not shown) indi-
cates all these cirrus layers consist of ice particles. The isen-
tropic back trajectories for 370 to 380 K levels (not shown)
are traced back to the east suggesting possible moistening by
deep convection even at the 380 K level.

4.2 Statistics of dehydration

We have seen that the simultaneous observations of water
vapour and ice particles by hygrometers and lidar/COBALD
sonde, respectively, are very useful in describing the exis-
tence or the lack of condensed matter in highly supersatu-
rated regions. We have also shown that the humidity profiles
often reflect the difference in the origin of the air masses. In
addition to the close look at individual profiles in Sect.4.1,
we will now statistically investigate general features of TTL
dehydration as retrieved from our current observation net-
work.

Figure14 is an extended version of Fig. 7 ofHasebe et al.
(2007) providing scatter diagrams of OMR against SMRmin
for six different isentropic levels. For the calculations on the
360 K surface, the ECMWF temperature has been increased
by 2 K based on the cold bias in the analysis field against the
SOWER sonde data we find in Fig.4. Symbols specify sea-
son while colours refer to observation stations. The search
for the values of SMRmin along the backward trajectories has
been limited to five days based on the investigation on the va-
lidity of the adiabatic assumption byInai et al.(2013). Spe-
cial attention is paid to avoid possible impacts of deep con-
vection, which may not only violate the assumed adiabatic
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Fig. 13. The same as Fig. 9 but for 14 January 2006. Dotted red lines: ascent and descent of the sounding

shown in Fig. 12.
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Fig. 13. The same as Fig.9, but for 14 January 2006. Dotted red
lines: ascent and descent of the sounding shown in Fig.12.

motion in using isentropic trajectories, but also cause the
loss of identity of the air parcel. In case where an intrusion
of deep convection is suspected, SMRmin has been sought
only from those portions of trajectories after the last of such
events. FollowingInai et al.(2013), the intrusion is assumed
to be subject to the conditionδTbb ≤ 12 K. Large error bars
in OMR mostly reflect uncertainties of NOAA/FPH and CFH
in their early development stages. The basic interpretation of
the scatter diagrams is summarised in the following while de-
tailed features for each isentrope are described in Sect.4.3.

OMR-SMRmin pairs that fall onto the diagonal line (solid
line) are likely due to a dehydration event during the up-
stream 5 days, which depleted the gas phase to the saturation
value and subsequently conserved the mixing ratio. However,
as nucleation of ice requires a supersaturation (60–75 % for
homogeneous nucleation of ice at temperature characteris-
tic of the western Pacific cold point tropopause; seeKoop
et al., 2000, for detailed temperature dependence), the OMR
might be a factor of 1.6–1.75 higher than SMRmin without
leading to dehydration. The points between the solid and
dashed lines, corresponding to saturation and 60 % supersat-
uration, respectively, might fall into this category. The finite
length of time necessary for the air parcel to complete dehy-
dration after initiation of ice formation or incomplete dehy-
dration of layers with too low number densities of ice parti-
cles may be other factors that lead to OMR> SMRmin. Fur-
thermore, lower levels might experience increases in OMR
due to sedimenting ice particles, which fall from higher lev-
els and evaporate at the level of interest. Those points with
OMR exceeding 1.6× SMRmin beyond the indicated error
bars, noticeable at 360 K and 365 K surfaces, may well be
due to this sedimentation effect.

Pronounced occurrence of OMR< SMRmin is found
above and below the TTL, i.e., in the stratosphere (θ =

400 K) and upper troposphere (θ = 350 K). At θ = 400 K,
which is located above the level of net zero clear-sky radia-
tive heating (LZRH, i.e., where radiative heating and cooling

balance each other, located at 125 hPa or about 15.5 km or
360 K potential temperature; seeFueglistaler et al., 2009),
air has ascended diabatically into warmer regions and the
last dehydration event close to the cold point tropopause is
longer ago than the 5-day span of the trajectories. As a con-
sequence, except in a few cases, these parcels are much drier
than SMRmin. At θ = 350 K (around 13 km), on the other
hand, the diabatic motion outside the convective system is
downward, compensating for net radiative cooling. As the
tropical convective motions frequently reach 350 K (Atticks
and Robinson, 1983), the air masses sampled by radiosondes
are often outflow from convective systems. The water content
for such air masses is mostly determined by the temperature
of the outflow level (e.g.,−60◦C), leading to the near cor-
respondence between OMR and SMRmin with a factor one
order of magnitude larger than that of the upper TTL. The
displacement down from the diagonal line will result from
the radiatively driven descent that takes place after precipita-
tion and/or evaporation of condensed particles.

4.3 Statistics of dehydration on the basis of isentropic
level

The scatter diagrams derived from the SOWER chilled-
mirror hygrometer network data in the Tropical Pacific
(Fig. 14) show a wealth of detailed features for the differ-
ent stations and seasons. Features of the statistics we see in
the diagrams are described for each isentrope characterising
the dehydration processes taking place in the TTL.

At 350 K potential temperature, points scatter almost
evenly around the diagonal line. Despite relatively large un-
certainties, especially those shown in blue (Bandung – BD
and Watukosek – WK), these points are suggestive of a bi-
furcation of backward trajectories (e.g.Hasebe et al., 2007,
Fig. 1). As is mentioned in Sect. 4.2, the OMR at this level
reflects the coldness of the isentrope in the convective re-
gion; large water content in Tarawa (TR; red) will be due
to the relatively low altitude of the 350 K isentropic level
combined with active convection in the region. The OMR
becomes lower as the station moves westward to Biak (BI;
green), Bandung (BD) and Watukosek (WK; blue), and fur-
ther to Kototabang (KT; purple). Local convection is still
high around these stations, but the 350 K isentrope gradu-
ally rises toward the west along the equator, meaning that
the SMR at 350 K tends to be lower toward the Western Pa-
cific. The features found on the 350 K level along the equator
thus reflect the local meteorological condition of the stations.
The dryness of Hanoi (HN; light blue) relative to the other
stations, on the other hand, requires a different explanation.
This station is located in the subtropics where convective ac-
tivity does not reach such a high altitude. It should also be
emphasised that Hanoi is strongly affected by outflow from
the tropics, which leads to the seasonal minimum in the up-
per tropospheric ozone concentration during northern winter
(Ogino et al., 2013).
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Fig. 14. Scatter diagrams of the minimum saturation mixing ratio (SMRmin) experienced within five days before

the sounding and the observed water mixing ratio (OMR) on six isentropic levels (θ = 350–400 K) from seven

SOWER stations since 1998. Diagonal line: OMR = SMRmin, i.e. complete dehydration to the value expected

from the minimum along the trajectory. Dashed line: OMR = 1.6×SMRmin allowing 60 % supersaturation

with respect to ice typically required for homogeneous ice nucleation. In case the advected air parcel is supposed

to encounter deep convection (Tbb−T ≤ 12K), SMRmin is determined from those portions of trajectories after

such events. Symbols refer to the seasons, colours to stations: San Cristóbal (SC) located in the Eastern, Tarawa

(TR) in the Central, and Biak (BI), Bandung (BD), Watukosek (WK) and Kototabang (KT) in the Western

Tropical Pacific, while Hanoi (HN) is in the northern subtropics (Table 1). Vertical bars: estimates of errors in

sonde data (Appendix A). Horizontal bars: estimates of SMRmin deduced from the standard deviation of SMR

for segments composed of the air parcel at the time the SMR assumes the minimum. Note different scale for

350 K (top left panel).
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Fig. 14. Scatter diagrams of the minimum saturation mixing ratio (SMRmin) experienced within five days before the sounding and
the observed water mixing ratio (OMR) on six isentropic levels (θ = 350–400 K) from seven SOWER stations since 1998. Diagonal
line: OMR= SMRmin, i.e., complete dehydration to the value expected from the minimum along the trajectory. Dashed line: OMR=

1.6× SMRmin allowing 60 % supersaturation with respect to ice typically required for homogeneous ice nucleation. In case the advected
air parcel is supposed to encounter deep convection (Tbb− T ≤ 12 K), SMRmin is determined from those portions of trajectories after such
events. Symbols refer to the seasons, colours to stations: San Cristóbal (SC) located in the Eastern, Tarawa (TR) in the Central, and Biak
(BI), Bandung (BD), Watukosek (WK) and Kototabang (KT) in the Western Tropical Pacific, while Hanoi (HN) is in the northern subtropics
(Table1). Vertical bars: estimates of errors in sonde data (AppendixA). Horizontal bars: estimates of SMRmin deduced from the standard
deviation of SMR for segments composed of the air parcel at the time the SMR assumes the minimum. Note different scale for 350 K (top
left panel).

On the 360 K level, the atmospheric water content mea-
sured in OMR and SMRmin is greatly reduced so that it is less
than 10 ppmv and the majority of the points for the northern
winter (NW) western tropical observations are found to the
upper left side of the diagram. Those points scattered beyond
the critical supersaturation (dashed line) suggest that the de-
hydration is taking place for the air parcel on this isentrope
during NW over the Western Tropical Pacific (Sect.4.2). It
is also an indication that the dehydration does not occur im-
mediately, but takes some time before the water is removed
to SMR. The driest parcels are found in the Western Pacific
(BI, BD, WK) in general, but the OMR appears higher in KT
as compared to other stations in the region. The SMRmin is
extremely low for some parcels reaching as low as 1.5 ppmv,
which is much lower than the average in the lower strato-
sphere. In contrast, the points for SC (all seasons) and HN are
scattered to the lower right of the diagram with the SMRmin
similar to, or more than 10 ppmv. The values of SMRmin
larger than those of the western tropical stations would be
a reflection of relatively high temperature along the air par-
cel trajectories, while the deviation of the points to the lower

right of the diagonal suggests dehydration events more than
5 days before arrival at these stations.

The removal of water from the advected air parcel contin-
ues on the 365 K isentrope. The features remain almost the
same as those at 360 K except that both OMR and SMRmin
are smaller than those at 360 K. Most of the points found
below the diagonal line with relatively large uncertainties in
OMR are those from the Eastern Pacific in the March–May
period in the late 1990s taken using the NOAA/FPH. Some
of the points for Hanoi are found to the upper left from the
diagonal line, suggesting that cold trap dehydration is also
functioning on air parcels advected outward from the tropics
on this 365 K isentrope.

The scatter plots become more compactly distributed near
the lower left corner of the diagram as the air parcels rise
to reach the 370 K isentrope. The majority of the points are
still found above the diagonal line, but the occasions where
OMR > 1.6× SMRmin become less frequent, indicating that
the dehydration is less effective than that at 360 K and 365 K.
The points for NW are mostly found with the OMR less than
4 ppmv implying that some extreme dehydration, in excess
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of the climatological dryness of the stratosphere, has already
taken place.

The points gradually move to the right on the diagram lo-
cated around the diagonal line as the air parcels ascend to
380 K. On rare occasions parcels are found beyond the criti-
cal limit of 1.6× SMRmin, indicating that the dehydration is
almost over before the air parcels reach this isentrope. The
mean value of OMR during NW calculated from those in BI,
KT and TR is 1.9± 0.6 ppmv (unbiased standard deviation),
while that in NS available only at SC is 4.2±0.3 ppmv. These
values must reflect the level of dehydration achievable dur-
ing the horizontal advection. The differences come from two
conditions; one from the seasonal march and the other from
the east-west contrast. The former constitutes the foundation
of the tape recorder signal (Mote et al., 1996) appearing in
the seasonal migration of the points for SC ranging from
∼ 2 ppmv in NW to 4∼ 7 ppmv in northern summer (NS)
to fall. Unfortunately, the magnitude of the seasonal varia-
tion in the Western Tropical Pacific is not available since our
observations there are restricted to NW. As a consequence
the extreme low values of OMR observed in BI and KT are
not found in SC.

The movement of points to the right on the diagram con-
tinues to 400 K, where almost all points are found to the
lower right of the diagonal line. The cold-trap dehydration
with horizontal advection no longer functions on the 400 K
isentrope, meaning that the dehydration must have concluded
sometime more than five days before the air reaches the
400 K surface. The NW-mean OMR for BI, KT and TR
is 2.8± 0.6 ppmv. The seasonal amplitude of the OMR is
reduced as the extremely low OMRs such as those less
than 1.5 ppmv found on 380 K disappear. This may suggest
that some hydration processes such as those associated with
the evaporation of once-condensed ice particles and/or ir-
reversible mixing with humid air outside the TTL have oc-
curred before the air reaches 400 K.

5 Discussion

Radiosonde observations of water vapour and ozone over the
Tropical Pacific conducted during SOWER campaigns are
used to analyse the efficiency of cold-trap dehydration tak-
ing place in air parcels advected horizontally in the TTL.
Chilled-mirror hygrometers such as the FPH and CFH are
used to obtain water vapour mixing ratio data suitable for
observing the extreme dryness in the tropical upper tropo-
sphere, TTL and the lower stratosphere. Estimates of uncer-
tainties in the water vapour mixing ratios are derived, to-
gether with an attempt at correcting the phase delay in the
frostpoint temperature measurements, to improve our con-
fidence in the degree of supersaturation. The response time
given in this procedure has been empirically determined as
a function of atmospheric pressure. The stratospheric value
of response time adopted in the present study (Table2) is

a little larger than that shown byVömel et al.(2007b) ob-
tained by comparisons with fast-response fluorescence sen-
sors. The single response time used throughout the analysis
period has been determined from CFH observations and may
not be appropriate for data obtained from early campaigns
as the instrument has been continuously upgraded. The se-
quence of processing described above, even if incomplete,
has improved the present analysis leading to greater confi-
dence in the results.

Trajectory analyses presented in this paper depend on the
global analysis field. Although growing numbers of global
analyses have emerged with notable differences (e.g.Liu
et al., 2010; Schoeberl and Dessler, 2011), our use of the
high-resolution model-level ECMWF analysis is based on
our recognition that fine vertical resolution in the TTL is im-
portant for our study as the temperature perturbations and
wind shear associated with large scale atmospheric waves
could play a key role in the TTL dehydration. On the other
hand, there is a clear limitation as can be seen from the com-
parison between the analysis field and sonde data as seen in
Fig. 4. Fortunately, the wind biases in the TTL are mostly
confined to zonal wind between 375 K and 390 K, while the
spatial scale of variabilities becomes larger in this altitude
range than in the lower TTL thus the impact of wind bias
on the estimates of SMRmin is more limited. A mean tem-
perature bias of 2 K on the potential temperature surfaces at
355 K and 360 K (but not at 365 K and above), on the other
hand, needs to be considered in the estimation of SMRmin.
Our present approach is to assume a 2 K constant bias in
the ECMWF temperature field and add 2 K to the tempera-
ture along the trajectories without considering any change in
the trajectories themselves. This is over simplification of the
problem, but provides a better estimate of SMRmin making
the judgement of the encounter with deep convection more
realistic. As is expected, the points have moved to the right-
hand side and come closer to the dashed line in Fig.14 as
compared to those without taking this bias into account (not
shown). It is interesting to see the uneven shift at poten-
tial temperatures 360 K and 365 K does not go far beyond
the dashed line suggesting that the supersaturation along the
trajectories does not greatly exceed the homogeneous nucle-
ation limit. One of the possible ways to get more generalised
results is to conduct multi-model comparisons such as be-
ing done among climate models within the climate change
research community. Systematic comparison among major
global analysis fields (Fujiwara et al., 2012), including TTL
trajectories, will be an important step still waiting to be done.
Another route to attain more confidence in the results will be
the use of data assimilation techniques incorporating the ob-
served data in the analysis field. Our preliminary analysis in-
dicates that the improved time resolution in particular in the
assimilation field will make the estimates of SMRmin more
realistic.

Supersaturation as large as 179± 14 % of the relative hu-
midity with respect to ice (RHice) has been observed around
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Table 2. Response time,τ , empirically determined for frostpoint
hygrometers and the number of averaging, 2N + 1, applied to the
raw sonde data to derive smoothed frostpoint temperature profiles.
t values corresponding to the significance levelα = 0.005 are also
shown. See text for the details.

p τ 2N + 1 f (= 2N) t(f, α)

(hPa) (s) TMAX V2C TMAX V2C TMAX V2C

–120 10 5 25 4 24 4.604 2.797
120–150 8 3 17 2 16 9.925 2.921
150–250 4 3 9 2 8 9.925 3.355
250– 0 3 7 2 6 9.925 3.707

the cold point tropopause. This value is one of the highest
among those observed in cirrus clouds (Krämer et al., 2009).
Popp et al.(2007) discussed such high supersaturation with
the presence of condensed-phase nitric acid. Unfortunately,
the estimates of uncertainty shown above do not correspond
to well-defined confidence interval because of the mutual de-
pendence of errors in the profile data (AppendixA1). There-
fore, our results may be regarded as close to or within the
limit of the homogeneous freezing threshold ofKoop et al.
(2000). Since such occurrences are rather limited in our ob-
servations, more observational evidence is needed to estimate
the possible upper limit of supersaturation in the TTL. For
this purpose, it is preferable to launch aerosol sensors such
as optical particle counters along with the radiosonde (e.g.
Iwasaki et al., 2007) since an extremely low concentration
of aerosol, below the detection limit of lidars, might be criti-
cally important.

The progress of dehydration for the air parcels advected in
the TTL is examined by comparing the SMRmin–OMR scat-
ter plots among isentropes. Gradual removal of water associ-
ated with the air parcels’ slow assent in the TTL is reflected
in the way the OMR and the corresponding SMRmin are dis-
tributed on the plane (Fig.14). The near alignment of the
points along the diagonal line at 350 K has been interpreted
as an indication of the minor role of horizontal advection on
controlling the water content on this isentrope. This is con-
sistent with the idea ofSelkirk et al.(2010) that water vari-
ability below 350 K is decoupled from the quasi-horizontal
cold trap dehydration, but more related to convective cloud
activity. On the other hand, the distribution of the points is
not symmetric with respect to the diagonal, but is found to
be distributed unevenly to the upper left on the isentropes
360 K, 365 K and 370 K. This is consistent with the findings
of Schiller et al.(2009) in which the aircraft observations
of water vapour show values larger than SMRmin below the
380 K isentrope. They attributed this difference as the recent
moistening of the advected air parcels by deep convection.
Our interpretation, however, has been to put more empha-
sis on the progress of the cold-trap dehydration during the
horizontal advection accompanied by the gradual ascent in
the TTL, because such uneven distributions are not found

at 350 K where the moistening by deep convection is much
more frequent than on isentropes above. The diagonal align-
ment of the SMRmin–OMR scatter plots at 380 K and the in-
crease of OMR from the 380 K to the 400 K isentropes is an
indication that the dehydration is almost complete at 380 K.
However, the detailed process of how this entry value of wa-
ter is modulated to form stratospheric values is not well un-
derstood. Our conclusion on the role of hydration processes
(Sect.4.3) is preliminary and needs to be revisited by studies
based on observed data that cover all seasons over the entire
tropics.

In the Lagrangian description of the horizontal advec-
tion, possible penetration of convective clouds and a sub-
sequent loss of the air parcel’s identity is always a matter
of concern. In the present analysis, cumulus penetration has
been diagnosed by comparing the temperature of the ad-
vected air parcelT with the equivalent blackbody temper-
atureTbb of the underlying atmosphere. Once the condition
δTbb ≡ Tbb− T ≤ 12 K is met, the value SMRmin has been
sought only from those portions of trajectories after such
events. Presently there is no conclusive reason for the choice
of the critical value 12 K (see Sect. 3 ofInai et al., 2013).
However, the results shown in Fig.14 do not essentially
change with the choice of the critical value. The use of a new
method proposed byHamada and Nishi(2010) could be an
alternative, although some of our stations are outside the cov-
erage of the Japanese geostationary satellite, Multifunctional
Transport Satellite (MTSAT), necessary for applying their al-
gorithm.

Selkirk et al. (2010) introduced tropopause saturation
layer (TSL) whose top was defined by the highest altitude
of saturation while the bottom was the altitude of the min-
imum in the water mixing ratio found below the TSL top.
They argued that the water mixing ratio at the cold point
tropopause (CPT) often represented that in the stratosphere
since the CPT was sometimes created by adiabatic cooling
associated with the upward displacement due to atmospheric
waves and that the stratospheric entry value of water was ef-
fectively determined by the minimum water mixing ratio in
the TSL. This argument is based on two observational cam-
paigns conducted in the Eastern Tropical Pacific (Costa Rica)
during northern summer, in which the tops of the TSL were
380 K and 381 K and the average minima in the TSL water
were 5.2 and 4.8 ppmv, respectively. Our observations in the
Western Tropical Pacific during northern winter, on the other
hand, sometimes encountered supersaturation above 380 K
as was shown in Fig.12. In this case, the minimum water
mixing ratio found in the TSL is 1.27 ppmv on the 379.5 K
and 380.0 K isentropes in the processed data, while there
is little indication of gravity wave disturbances. Such a low
value in this particular case must be too low as to be regarded
as the stratospheric entry value of water.

The possible role of Kelvin waves on the dehydra-
tion of the atmosphere being exchanged between the tro-
posphere and the stratosphere was pointed out first by
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Fujiwara et al.(2001). Eguchi and Shiotani(2004) discussed
the importance of the temperature and flow variations associ-
ated with the structure of the coupled Kelvin-Rossby waves
in the TTL dehydration.Fujiwara et al.(2009) pointed out
that the dynamical processes accompanied by the Kelvin
waves are important in controlling cirrus formation in the
TTL. It is thus quite interesting to see if large scale wave
activity might change the progress of dehydration shown in
the SMRmin–OMR scatter plot (Fig.14) by sorting the spa-
tiotemporal position of the air parcels in the phase diagram
of Kelvin waves. This is left for future studies.

One of the goals of our study to explore the efficiency
of cold-trap dehydration is to quantify the amount of water
removed during horizontal advection. For this purpose, the
Lagrangian approach following the advected air parcels is
preferable. That is, by comparing the water amount of a spe-
cific air parcel taken by two or more sequential observations,
we could explicitly estimate the water budget for the parcel.
This water vapour match approach, similar to that applied to
ozone depletion in the polar vortex, is being attempted us-
ing the SOWER dataset. Since detailed examination of the
“match condition” is needed, the results are not presented
here, but are described in the companion paper byInai et al.
(2013).

6 Concluding remarks

Balloon-borne radiosonde data obtained by chilled-mirror
hygrometers and electrochemical concentration cell ozone
sondes have been analysed for the study of cold-trap dehy-
dration in the Tropical Tropopause Layer (TTL). A major ef-
fort has been made to estimate the uncertainty of the results
for the analysis being made on isentropes. Efforts are also
made to adjust the inherent phase delay in the frostpoint tem-
perature observed by hygrometers. Statistical uncertainties
are determined as well in the Lagrangian description of ad-
vected air masses by using a bundle of trajectories initialised
in the region surrounding the ground station.

The results are shown for individual soundings and using
statistical features characterising the TTL dehydration. Si-
multaneous observations of gas and liquid/solid phase wa-
ter by hygrometers and lidar/COBALD sondes, respectively,
prove to be useful in describing the efficiency of dehydra-
tion in terms of the relative humidity with respect to ice
(RHice). Extremely high values of RHice have been encoun-
tered reaching almost 180 % within cirrus clouds in the vicin-
ity of the cold point tropopause. For the confirmation of such
findings, further accumulation of observational evidence is
still needed. The statistical features of cold trap dehydration
are investigated using scatter diagrams between the observed
water mixing ratio and the minimum saturation mixing ra-
tio along the back trajectories associated with the observed
air mass. The distribution of the points display the manner in
which water vapour is removed from air parcels during the

course of quasi-horizontal advection accompanied by cross-
isentropic slow ascent in the TTL. Gross features suggest that
the cold-trap dehydration progresses on the isentropes above
360 K reaching the final stage at around 380 K. Some moist-
ening is also taking place before the air parcel reaches 400 K
where mo more dehydration is expected.

Appendix A

Detailed procedure applied to sonde data

A1 Processing on sounding pressure levels

A1.1 Smoothing of raw sonde data

The detailed smoothing procedure intended to reduce instru-
mental noise of the frostpoint hygrometers is described in
this subsection. Denote the smoothed profiles of the frost-
point temperature asT fri (i = 1,2, · · ·):

T fri =
1

2N + 1

N∑
j=−N

T̂fr(i+j), (A1)

where T̂fr(i+j) refers to observed frostpoint temperature at
the(i + j)-th data point. The confidence interval for the true
frostpoint temperature,Tfri , is estimated from the variance
of the residue,T̂fri − T fri , with the aid of thet distribution
applicable to samples from unknown population variance:

T fri−1Tfri ≤ Tfri≤T fri+1Tfri, 1Tfri≡
si×t (f, α)
√

2N + 1
, (A2)

wheret (f, α) is the t value corresponding to the degree of
freedomf (= 2N) with the confidence level 100(1− 2α) %,
andsi is the sample standard deviation defined by the root-
mean-square differences of the observed values,T̂fri , from
smoothed profile,T fri :

si =

{
1

2N

N∑
j=−N

(
T̂fr(i+j) − T fr(i+j)

)2
} 1

2

. (A3)

The smoothing interval 2N +1 is determined by considering
the response time empirically determined as discussed later
in AppendixA3. α is taken to be 0.005 in this study leading
to a 99 % confidence interval (Table2). It should be noted,
however, that the confidence interval thus derived must not
be interpreted as it is, since the set of 2N + 1 data points
taken along the sequential sonde data cannot be regarded as
independent samples from a single population; the character-
istics of airmass could change during the sonde ascent while
independency among data samples is lost by the overlap due
to smoothing. Actually those values of1Tfri obtained for
the CFH are often much smaller than those uncertainties de-
duced byVömel et al.(2007a). For the purpose of providing a

www.atmos-chem-phys.net/13/4393/2013/ Atmos. Chem. Phys., 13, 4393–4411, 2013



4408 F. Hasebe et al.: TTL dehydration

practical measure of the observational uncertainties, we have
added 0.5◦C to the values of1Tfri estimated by Eq. (A2) for
use throughout this work.

A1.2 Estimates of errors in potential temperature and
water mixing ratio

Denote the definition of potential temperature and the Goff-
Gratch equation as functionsF andG, respectively. For sim-
plicity, the suffixi is omitted in the following equations:

θ(p) ≡ F(p,T ), χ(p) ≡
esat

p
=

G(T fr)

p
, (A4)

on the sounding pressure levelp. By applying the law of
propagation of errors, we have the estimates of errors in po-
tential temperature and water mixing ratio as follows:

1θ(p) =

{(
∂F

∂p
1p

)2

+

(
∂F

∂T
1T

)2
} 1

2

, (A5)

1χ(p) =

{(
1

p

∂G

∂T fr
1Tfr

)2

+

(
G

p2
1p

)2
} 1

2

. (A6)

A2 Projection of sonde data on isentropes

The water mixing ratio and its estimates of errors on an isen-
tropic levelθ are derived by linear interpolation using values
on adjacent sounding pressure levelspi andpi+1:

χ(θ) =
m × χ0 + n × χ1

m + n
, (A7)

1χ(θ) =

[
1∑

k=0

{(
∂χ(θ)

∂χk

1χk

)2

+

(
∂χ(θ)

∂θk

1θk

)2
}] 1

2

=
1

m + n

[
(m1χ0)

2
+ (n1χ1)

2
+

(
χ1 − χ0

m + n

)2

{
(m1θ0)

2
+ (n1θ1)

2
}] 1

2
, (A8)

where χk ≡ χ(pi+k), 1χk ≡ 1χ(pi+k), θk ≡ θ(pi+k),
1θk ≡ 1θ(pi+k), m = θ1 − θ , andn = θ − θ0. The first two
terms in Eq. (A8) arise from the uncertainty in water mea-
surements while the last term is due to the errors in potential
temperature on sounding pressure levels. Equations (A7) and
(A8) also apply to pressure and temperature to derivep(θ)

andT (θ) together with1p(θ) and1T (θ) by replacingχ

with p andT , respectively. We apply these equations also to
other variables such as ozone mixing ratio and geopotential
height.

It is worth mentioning here that high resolution radioson-
des observe unstable atmospheric layers where the poten-
tial temperature does not increase monotonously with re-
spect to altitude. In such cases, sounding pairs withθ i ≤ θ ≤

θ i+1 cannot be uniquely determined and the interpolation in

Fig. 15. Schematic illustration of interpolation to an isentropic surface θ located in an inversion layer encoun-

tered by radiosonde observations (crosses). Linear interpolation will be made by using data pairs with θi and

θj in this case.
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Fig. A1. Schematic illustration of interpolation to an isentropic sur-
faceθ located in an inversion layer encountered by radiosonde ob-
servations (crosses). Linear interpolation will be made by using data
pairs withθi andθj in this case.

Eq. (A7) and the estimation of uncertainties in Eq. (A8) could
be made by using any sounding pairs withθ i andθ j that sat-
isfy the conditionsθ i ≤ θ ≤ θ i+1 andθ j−1 ≤ θ ≤ θ j . Since
such unstable layers are subject to vertical mixing and large
scale atmospheric features are better represented by smooth
sounding data, we avoid such ambiguity by choosing the
pairsθ i andθ j that are found in the lowest altitude forθ i

and the highest altitude forθ j that satisfy the above condi-
tion (Fig. A1). Usually this choice, at the same time, max-
imises the estimated uncertainty in Eq. (A8) due to large val-
ues of(χ1 − χ0)

2 multiplied by the uncertainty in potential
temperature. We could thus avoid possible underestimation
of observational uncertainties associated with the projection
of observational data in unstable layers to isentropic coordi-
nates.

A3 Correction of the instrumental phase lag

The CFH employs a sophisticated digital propor-
tional/integral/derivative (PID) feedback controller to
maintain constant frost on a mirror by cooling or heating it
(Vömel et al., 2007a). Even with the use of such a system, we
cannot get rid of some phase delay in the observed values.
For practical purposes the PID parameters are not useful,
while the response time is the simplest way to measure the
delay. We use values derived by extensive analyses made by
Aqua Validation and Instrument Tests (AquaVIT) campaign
(Fahey et al., 2009).

Instead of attempting to model the performance here, we
make a brief analysis to apply it to our observed data. We
assume that the outputq(t) results from the convolution of
the inputp(t) with ane-folding timeτ :
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q(t) =
1

W

t∫
0

p(s) e−
t−s
τ ds, (A9)

W =

t∫
0

e−
t−s
τ ds = τ(1− e−

t
τ ). (A10)

During the continued operation in whicht/τ � 1,

q(t) =
1

τ

t∫
0

p(s) e−
t−s
τ ds. (A11)

Differentiation of Eq. (A11) may lead to the differential form
of the input-output relationship

dq(t)

dt
=

1

τ
(p(t) − q(t)), (A12)

which could be readily rearranged to give the unknown input
p(t) from the instrumental outputq(t):

p(t) = q(t) + τ
dq(t)

dt
. (A13)

If the valueτ is known, the inputp(t), here the atmospheric
frostpoint temperature not affected by the instrumental phase
delay, could be estimated from the outputq(t), here the ob-
served mirror temperature. This formula is mathematically
equivalent to the phase correction applied to the capacitance
humidity sensors byMiloshevich et al.(2004).

Though incomplete, the application of Eq. (A13) to the
observed profiles successfully reduced the phase difference
between the ascending and the descending profiles as shown
in Fig. 2. In most cases, the length of smoothing necessary
for noise reduction is longer than that for the compensation
of the phase delay. The smoothing and phase correction pa-
rameters are summarized in Table2.
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