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Abstract. MIPAS-Envisat is a satellite-borne sensor which

measured vertical profiles of a wide range of trace gases from

2002 to 2012 using IR emission spectroscopy. We present

geophysical validation of the MIPAS-Envisat operational re-

trieval (version 6.0) of N2O, CH4, CFC-12, and CFC-11 by

the European Space Agency (ESA). The geophysical vali-

dation data are derived from measurements of samples col-

lected by a cryogenic whole air sampler flown to altitudes of

up to 34 km by means of large scientific balloons. In order

to increase the number of coincidences between the satellite

and the balloon observations, we applied a trajectory match-

ing technique. The results are presented for different time pe-

riods due to a change in the spectroscopic resolution of MI-

PAS in early 2005. Retrieval results for N2O, CH4, and CFC-

12 show partly good agreement for some altitude regions,

which differs for the periods with different spectroscopic res-

olution. The more recent low spectroscopic resolution data

above 20 km altitude show agreement with the combined un-

certainties, while there is a tendency of the earlier high spec-

tral resolution data set to underestimate these species above

25 km. The earlier high spectral resolution data show a sig-

nificant overestimation of the mixing ratios for N2O, CH4,

and CFC-12 below 20 km. These differences need to be con-

sidered when using these data. The CFC-11 results from the

operation retrieval version 6.0 cannot be recommended for

scientific studies due to a systematic overestimation of the

CFC-11 mixing ratios at all altitudes.

1 Introduction

Measurements of long-lived trace gases in the stratosphere

serve a variety of purposes. They can be used to determine

relative lifetimes (Plumb and Ko, 1992; Volk et al., 1997; En-

gel et al., 2013), to observe dynamical processes (Volk et al.,

1996; Bauer et al., 1994; Plumb et al., 2002), to study trans-

port timescales, the so-called mean age (Hall and Plumb,

1994; Engel et al., 2009), and also to derive chemical bud-

gets (Engel et al., 1997; Laube et al., 2008). Such studies

using tracers require high precision and accuracy in order to

derive quantitative information. In situ observations in the

stratosphere, which can be conducted from high flying air-

crafts up to altitudes of 20 km and from large scientific bal-

loons for altitudes up to 40 km, often provide information

on tracers of interest at high spatial resolution and high ac-
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curacy. The information obtained is however very sparse in

space and time. On the other hand, satellite-borne sensors

often provide very good temporal and spatial coverage, yet

the vertical resolution is limited and the accuracy and preci-

sion of satellite observations are critical factors, which need

to be evaluated carefully. A comparison of the high-accuracy

in situ observations with satellite data retrievals is necessary

to estimate the quality of satellite data and to identify possi-

ble biases.

As mentioned above, the density of satellite observations

is often much higher than that of the respective in situ data

to be used for the validation. During the acquisition of the

in situ validation data, care should be taken to achieve a good

match in time and space to the satellite observations. How-

ever, this typically can only be achieved for a single vertical

profile from a given satellite data set. It is however desirable

to use the valuable in situ data for validation of more than

only one satellite profile. For this purpose either climatologi-

cal approaches or tracer–tracer correlations can be used. An-

other approach is the use of backward and forward air mass

trajectories to find more incidences during which the satellite

measured the same air parcel as the in situ observations.

Here we present work on validation of long-lived traces

gases N2O, CH4, CFC-12, and CFC-11 derived from obser-

vations of the MIPAS (Michelson Interferometer for Passive

Atmospheric Sounding) Fourier transform infrared (FTIR)

spectrometer on board the Envisat satellite. Previous results

on the validation of different data products for these gases

have been published (Payan et al., 2009; Hoffmann et al.,

2008; Kellmann et al., 2012; Vigouroux et al., 2007), and

the data have been used, for example, to derive stratospheric

lifetimes (Engel et al., 2013; Minschwaner et al., 2013) and

climatologies and trends of CFC-11 and CFC-12 (Kellmann

et al., 2012). While MIPAS is not operating anymore, it has

provided a wealth of data that span nearly 10 years. A thor-

ough validation of these data is the prerequisite for their sci-

entific application. Here we present a comparison of mea-

surements of long-lived trace gases obtained using a cryo-

genic whole air sampler and the MIPAS data set from the op-

erational ESA retrieval version ML2PP/6.0. The validation

of other retrieval algorithms of the MIPAS data for CH4 and

CFCs 11 and 12 is subject to further studies (Laeng et al.,

2015; Eckert et al., 2015). In order to enhance the number of

coincidences between the in situ observations and the satel-

lite data set, we apply trajectory mapping techniques. This

technique and the different data sets are described in Sect. 2.

In Sect. 3, we present the results of the comparison for the

four trace gases N2O, CH4, CFC-12, and CFC-11, which are

then summarised and discussed in Sect. 4.

2 Data sets

2.1 MIPAS-E

The Michelson Interferometer for Passive Atmospheric

Sounding (MIPAS) is an emission spectrometer measuring

atmospheric trace gases in the mid-infrared region using

Fourier transform spectroscopy (Fischer et al., 2008). MI-

PAS was operated on different platforms. The satellite ver-

sion on board the Envisat satellite operated by the European

Space Agency (ESA) provided data for a large number of

atmospheric trace gases from July 2002 until the end of op-

eration in April 2012. The limb scanning geometry allows for

both high vertical resolution of up to 3 km and good global

coverage with about 1000 vertical profiles per day. Vertical

profiles in so-called nominal mode are retrieved for about 16

tangent altitudes in a range between 8 and 68 km. The data

are processed by ESA in a near-operational way for a limited

number of trace gases. In addition the data are evaluated for

a number of scientific data products (e.g. Stiller et al., 2008;

Kellmann et al., 2012). The original spectral resolution was

0.035 cm−1, which had to be reduced to 0.0625 cm−1 due

to problems with the interferometer drive unit. The data set

starting in January 2005 is based on these lower spectral reso-

lution data. Due to this change in spectral resolution the val-

idation results are presented separately for the time period

prior to 2005 (high spectral resolution data in the following)

and the data after January 2005 (low spectral resolution data

in the following).

2.2 The cryogenic whole air sampler BONBON

The cryogenic whole air sampler (cryosampler) BONBON is

an instrument designed for collection of large whole air sam-

ples during the flight of large stratospheric balloons. The in-

strument carries 15 internally electropolished stainless steel

canisters which can be opened and closed at different alti-

tudes. The sample canisters are cooled to 27 K using liquid

neon. At this temperature the ambient air will condense on

the inner surfaces of the sample canisters allowing the collec-

tion of very large air samples corresponding to up to 15 L at

standard temperature and pressure, during rather short times.

For example at 30 km the time to collect such a large sample

is typically below 5 min. The samples are typically collected

during the valve controlled slow descent of the balloon at

vertical velocities of 2–3 m s−1. A 5 min sampling interval

will thus result in 750 m vertical resolution. Depending on

the external pressure, sampling time, and vertical velocities,

the vertical resolution is usually between 100 m and 1 km.

More details on the technique of cryogenic whole air sam-

pling can be found in Lueb et al. (1975) and on the cryosam-

pler used for this study in Engel et al. (1997).

The samples are subsequently analysed in the laboratory

using a variety of gas chromatographic methods and reported

on internationally accepted calibration scales. In this paper,
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Table 1. Abbreviation, number of air samples, altitude range, location, and flight date of the cryosampler flights considered for the validation.

The abbreviation BXX refers to flight no. XX of the balloon-borne whole air samplers. University of Frankfurt operates two nearly identical

cryogenic whole air samplers allowing the performance of two flights during a campaign.

Abbreviation Number of air samples Altitude range Location Flight date

B39 14 12.2–32.4 km 44◦ N, Aire-sur-l’Adour, France 24 Sep 2002

B40 13 11.2–30.4 km 68◦ N, Kiruna, Sweden 6 Mar 2003

B41 10 13.3–28.9 km 68◦ N, Kiruna, Sweden 9 Jun 2003

B42 11 15.2–34.0 km 5◦ S, Teresina, Brazil 8 Jun 2005

B43 14 15.2–33.6 km 5◦ S, Teresina, Brazil 25 Jun 2005

B45 11 10.3–31.8 km 68◦ N, Kiruna, Sweden 10 Mar 2009

B46 8 12.5–23.3 km 68◦ N, Kiruna, Sweden 1 Apr 2011

data for the trace gases N2O, CH4, CFC-12, and CFC-11

are compared. N2O and CH4 were measured at the Univer-

sity of Heidelberg by gas chromatography with electron cap-

ture (Schmidt et al., 2001) and flame ionisation (Levin et al.,

1999) detection respectively. N2O was in addition also mea-

sured at University of Frankfurt. The data used for the in-

tercomparison are those from University of Frankfurt except

for flight B46 where N2O data from University of Heidelberg

are used. The chlorofluorocarbons CFC-11 and CFC-12 were

measured at University of Frankfurt by gas chromatography

coupled to mass spectrometry (Laube et al., 2008; Hoker et

al., 2015), with the exception of the measurements prior to

2004, which were made using electron capture detectors (En-

gel et al., 1997). N2O is reported on the NOAA 2006 scale for

all observations (Hall et al., 2007), CH4 on the NOAA 2004

(Dlugokencky et al., 2005) scale and the CFC-11 and CFC-

12 are reported relative to the NOAA 1993 and 2001 scales

(Montzka et al., 2003), respectively. Typical reproducibilities

for these four substances are 0.5–1 % (CFC-11), 0.5 % (CFC-

12), 0.2 % (CH4), and 0.5 % (N2O). Absolute accuracies of

the calibration scales are 1 % or less for all species. As these

uncertainties are much smaller than those of the satellite sen-

sors, they are neglected in the discussion of the validations

results.

2.3 Available validation flights

A total of seven flights of our cryogenic whole air sampler

were carried out during the time that MIPAS-E was opera-

tional. Not all flights were explicitly for the purpose of vali-

dation resulting in different quality of the direct coincidence

with MIPAS-E observations. The flights took place at differ-

ent latitudes ranging from the tropics (5◦ S) to the high north-

ern latitudes (68◦ N) under different meteorological condi-

tions and during different seasons. The dates, launch loca-

tions, latitudes, and altitude ranges covered by the flights are

shown in Table 1.

In the following we will give some very brief informa-

tion about the individual flights. Flight B39 was launched

from southern France in autumn 2002 and represents typi-

cal undisturbed conditions during the turnaround from sum-

mer to winter circulation at the midlatitudes of the Northern

Hemisphere. Flight B40 was launched from the high-latitude

site of ESRANGE near Kiruna in northern Sweden during

the polar winter. Some very low mixing ratios were observed

inside the polar vortex due to the well-known effect of di-

abatic descent inside the vortex. This flight is discussed in

detail in Engel et al. (2006), in particular with respect to the

intrusion of mesospheric air into the stratosphere. A further

flight (B41) was launched to probe the high-latitude strato-

sphere during summer. Flight B42 and B43 were launched

from Teresina in Brazil (5◦ S) to probe the stratosphere in

the inner tropics. The vertical profiles of many trace gases

show much smaller decrease with altitude in the lower trop-

ical stratosphere and then steep gradients with altitude in-

side the loss regions for the specific substances. These two

flights are discussed in more detail in Laube et al. (2008).

The two most recent flights are again from high northern lat-

itudes during winter to early spring and were launched on 9

March 2009 (B45) and 1 April 2011 (B46) respectively. The

flight B45 mainly sampled air from outside the polar vortex,

with the exception of a tongue of vortex air sampled between

about 20 and 25 km altitude. The flight B46 was launched

very close to the edge of the polar vortex, which was unusu-

ally strong and showed very high wind speeds at the edge

during this year (e.g. Manney et al., 2011). Due to these un-

usually strong horizontal winds only a very short flight could

be carried out and the maximum altitude reached was only

23 km. The observed mixing ratios of the long-lived tracers

are typical of conditions at the inner edge of the polar vortex

with rather low mixing ratios close to those observed well

inside the vortex.

2.4 Trajectory matching and data handling

As mentioned above the amount of satellite data which can

be compared by a direct match is very limited and usually

consists of only one or two scans of the satellite instrument.

In order to enhance the number of satellite vertical profiles

which can be used for the intercomparison, we have ap-

plied the technique of trajectory mapping using the Univer-

sity of Berlin trajectory model (Naujokat and Grunow, 2003;
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Grunow, 2009). Trajectories are initiated about every 200 m

in altitude (for flights prior to 2009) or every 10 s, i.e. about

every 20–50 m (for flight in 2009 and 2011) along the flight

path of the balloon and run forward and backward in time for

5 days (Grunow, 2009). MIPAS-E data are interpolated to the

respective potential temperature of the trajectory at the point

of the match. All MIPAS-E observations which are within a

500 km radius and a 1 h time mismatch with the trajectory

are regarded as having sampled the same air mass. In addi-

tion only data have been used for validation where matches

were obtained for at least four trajectories covering an alti-

tude of at least 1.5 km. In this way we ensured that a match

cannot be obtained from a single trajectory as single trajec-

tories may show significant uncertainties (Schwarzenberger,

2014). These values were found to give the best compromise

between finding a sufficient amount of matches and ensuring

that differences in air mass were sufficiently small.

The trajectory calculations were performed on potential

temperature surfaces, and vertical displacement in potential

temperature space was taken into account using climatologi-

cal heating rates (Grunow, 2009). The choice of using clima-

tological heating rates or heating rates calculated specifically

for the trajectories was found to give no significant differ-

ences, as tested for the validation of N2O and CH4 (Grunow,

2009). When using isentropic trajectories vertical differences

to trajectories using explicitly calculated heating rates were

on the average 120 m in the tropics and 170 m in high lati-

tudes during winter (Grunow, 2009). As trajectories are not

calculated for more than 5 days in general, this only leads to

very small deviations in the matches from trajectories using

explicitly calculated heating rates (Grunow, 2009). For CFC-

11, which shows the strongest vertical gradient of all gases

investigated here, the associated uncertainty is about 3 ppt,

which is about 1.5 % of the current tropospheric value. For

clarity the results are presented on an altitude scale, which

is that of the balloon profile along which the trajectories

were initiated. This altitude is based on GPS measurements.

For the flights prior to 2009 operational ECMWF data on

2.5◦
× 2.5◦ grid were used, while the calculations for the

flights in 2009 and 2011 are based on 1.25◦
× 1.25◦ opera-

tional ECMWF data. The trajectory model is run using 25

vertical levels for the 2.5◦
× 2.5◦ grid data and 59 levels for

the 1.25◦
× 1.25◦ grid data.

For a comparison with the balloon observations the

matched satellite data points were averaged over 1 km inter-

vals. For the quantitative intercomparison the balloon obser-

vations are then interpolated to the mean potential tempera-

ture of the matched satellite data. Again, for clarity the re-

sults are reported on an altitude scale based on the balloon

trajectory, while the calculation of the matches is based on

potential temperature.

The two data sets have different vertical resolution. The

vertical resolution of the satellite is given by the averaging

kernels. In the case of the cryosampler, the vertical resolution

varies from sample to sample based on the vertical speed at

which the balloon was travelling and the sample integration

time. As no information is available for the cryosampler mea-

surements in between the samples (discontinuous sampling),

a degradation of the vertical resolution of the cryosampler to

those of MIPAS-Envisat was not possible. This paper thus

only presents a validation of the geophysical results of the

satellite retrieval.

3 Validation results

In the following we present the validation results for the four

species mentioned above. Results are only shown for the ver-

sion 6.0 of the operational ESA data retrieval. Measurements

of the four trace gases are available for all samples collected

with the cryogenic whole air sampler. We present the results

for all species separately. The direct comparison of the verti-

cal profile gives a qualitative impression of the quality of the

intercomparison. For each species we present the direct com-

parison on an altitude vertical scale from flight B45 launched

on 10 March 2009 from Esrange near Kiruna, as this flight

covers a large altitude range and a wide range of mixing ra-

tios. It also shows a sharp structure which is in particular

challenging for satellite validation and shows the limitations

of the method applied here.

For a more quantitative comparison the information from

several flights is combined. For this purpose the in situ mea-

surements are interpolated in altitude to give a value at the

same altitude as the mean altitude of the MIPAS-E data in

the respective bin. Results are separated for the period up to

2005 (high spectral resolution) and for the period with lower

spectral resolution of MIPAS-E starting in January 2005.

The flights were also conducted in different latitude regions.

However, we found the variations with time (low spectral res-

olution vs. high spectral resolution) to be the dominant factor

of variability. As the total number of flights was not sufficient

to derive systematic differences also for different latitudes

(and seasons), we have chosen to restrict the comparison to

differentiate between different spectral resolution. We have

chosen 1 km intervals for the binning of MIPAS-E data. As

noted above the uncertainty in the in situ data is sufficiently

small to be neglected in comparison to the uncertainty of the

satellite data. As the number of satellite data points is aver-

aged in each bin, there are two sources of uncertainty which

have to be considered for this intercomparison. One is the

uncertainty of an individual measurement point as specified

from the retrieval algorithm, and the other is the variability of

the individual data points in the bin around the mean value.

For the direct comparison the error given for the MIPAS-E

data is the standard deviation of the data points in the respec-

tive bin; it is thus the variability of the retrieved values. In

case there are no systematic deviations it is expected that the

MIPAS-E data should scatter around the in situ data. For the

quantitative comparison two error bars are given. The ones

in red are the same as those given in the direct comparison,

while the blue lines show the mean of the uncertainty quoted
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in the data files. This representation will thus show whether

the uncertainty given in the data files is representative of the

mean deviation between satellite data and in situ measure-

ments.

3.1 MIPAS-E CH4

In Fig. 1 a direct comparison of the methane profile obtained

from the cryosampler flight on 10 March 2009 (Flight B45)

with the matched MIPAS-E values based on the version 6.0

ESA retrieval is shown. Below 20 km an excellent agree-

ment is observed which is closer than the stated uncertainties.

Above 25 km for the validation based on B45, good agree-

ment of the MIPAS-E retrieval and balloon data is observed,

which agrees within the scatter of the MIPAS-E data. The

sharp structure observed between 20 and 25 km cannot be re-

produced by the satellite observations. There is however an

enhanced variability of the MIPAS-E values where the struc-

ture is observed in the in situ data. Some of the MIPAS-E

data points actually show values which are very similar to

the low values observed between 20 and 25 km in the in situ

data. As this structure is caused by the presence of a filament

of vortex air, it is possible that this structure is not captured

or not reproduced by the trajectory matching technique. This

rather sharp feature in flight B45 is a good example of the

restriction of applying the match method to satellite valida-

tion, especially for a limited amount of validation data. In

order to demonstrate this, we show the direct validation re-

sults (interpolated MIPAS data) for all trajectories which ful-

fill more stringent validation criteria (maximum difference

200 km and maximum trajectory travel time of 2 days). Fig-

ure 2 shows that in this case the meteorological feature is in-

dicated also in the satellite data, but the resulting number of

matches is rather low; therefore, a quantitative validation is

not possible for these more stringent match criteria. Hence,

the validation results for all species will also be given dis-

regarding the altitude region between 20 and 25 km during

flight B45.

Figure 3 shows the quantitative comparison for all

cryosampler measurements available for this study: the mean

differences (red lines in Fig. 3) and their scatter are com-

pared with the mean error given from MIPAS-E database

(blue line). Especially between 15 and 25 km the mixing ratio

values of MIPAS-E are clearly overestimated. Above 25 km

there is a good agreement according to the MIPAS-E error. In

order to show the number of data which are available for the

intercomparison, the right-hand side of the quantitative inter-

comparison plots shows the number of data available per bin

and the number of independent scans for which a sufficiently

good match has been obtained.

As noted before the spectral resolution of MIPAS-E was

degraded after January 2005. Therefore the absolute differ-

ences are compared for the period before and after January

2005 separately. Figure 4 displays the mean deviation be-

tween MIPAS-E profiles and in situ profiles for both time

Figure 1. Comparison of CH4 profile retrieved from B45 (1 April

2011, from Kiruna Sweden, 68◦ N) and the corresponding mean

MIPAS E profile based on the trajectory matching results. Blue

dots: cryosampler measurements. Blue line: interpolated CH4 pro-

file from cryosampler (BONBON). Red triangle: mean CH4 mix-

ing ratio values of MIPAS-E. Red error bars: standard deviation of

matched Envisat data.

Figure 2. Comparison of the vertical profile obtained during flight

B45 with the closest satellite measurements interpolated to the po-

tential temperature of the trajectories at the point of the match. For

this comparison only satellite data have been used which match the

trajectory within 200 km and a maximum time delay of 2 days.

While the low values observed between 20 and 25 km cannot be

completely reproduced, these closest matches indicate a similar fea-

ture as in the balloon data (see text for discussion).

periods separately: the left panel presents the conclusions for

earlier flights until 2003 (containing B39, B40, and B41) and

the right panel for flights since 2005 (containing, B42, B43,

B45, and B46). It is remarkable that the earlier high spec-

tral resolution validation flights obviously show significantly

worse correlations than the more recent low spectral resolu-

tion ones, especially below ∼ 22 km with differences up to

400 ppb (more than 20 %). The deviations in this part of the

profile cannot be explained by the measurement accuracy of

MIPAS-E. The validation based on the more recent low spec-

tral resolution validation flights shows agreement between

www.atmos-meas-tech.net/9/1051/2016/ Atmos. Meas. Tech., 9, 1051–1062, 2016
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Figure 3. Left panel: CH4 validation based on all cryosampler (BONBON) flights considered in this study. Red line: interpolated mean

difference between MIPAS-E and cryosampler mixing ratio values. Red error bars: mean standard deviation of the difference between

MIPAS-E and cryosampler mixing ratio value interpolated to the respective altitude. Blue line: interpolated mean error for CH4 mixing ratio

values from MIPAS-E. Right panel: corresponding database of MIPAS-E. Green bars: total no. of matches. Yellow bars: no. of independent

scans which are matched.

Figure 4. Left panel: CH4 validation based on cryosampler (BONBON) flights B39, B40, and B41 (high spectral resolution). Red line:

interpolated mean difference between MIPAS-E and cryosampler mixing ratios. Red error bars: mean standard deviation of the difference

between MIPAS-E and cryosampler mixing ratios for the respective altitude range. Blue line: interpolated mean error for CH4 mixing ratio

values from MIPAS-E database. Right panel: CH4 validation based on cryosampler flights B42, B43, B45, and B46 (low spectral resolution).

Red line: interpolated mean difference between MIPAS-E and cryosampler mixing ratios. Red error bars: mean standard deviation of the

difference between MIPAS-E and cryosampler mixing ratios for the respective altitude range. Blue line: interpolated mean error for CH4

mixing ratios from MIPAS-E database.

MIPAS-E and balloon measurements within the expected un-

certainties. An exception is the altitude range of ∼ 21–25 km.

This is mainly caused by the sharp structure observed during

Flight B45 presented in Fig. 1. When disregarding the val-

ues between 20 and 25 km altitude from flight B45, the mean

difference between MIPAS-E profiles and the in situ profiles

becomes smoother (Fig. 5). In this case the deviation based

on the CH4 validation with the low spectral resolution valida-

tion flights can be explained almost for the full profile range

by the quoted uncertainty in the MIPAS-E retrieval (Fig. 5,

right panel).

3.2 Validation of MIPAS-E N2O

The N2O profile of flight B45 from the cryogenic whole air

sampler is displayed in Fig. 6. It shows the same significant

structure as observed for CH4. This leads to N2O mixing ra-

tio values clearly overestimated by MIPAS-E in an altitude

range between 20 and 25 km. Below 20 km the two N2O

profiles fit together almost perfect. Above 25 km there is a

tendency for MIPAS-E to underestimate the in situ data. As

in the case of CH4 enhanced variability is observed in the

matched MIPAS-E data. Again, as in the case of CH4, the

region with the strong vertical structure shows enhance vari-

ability in the MIPAS-E observations with some observations

showing a similar structure as the in situ data. The discrep-

ancy is thus most probably not representative of MIPAS-E

Atmos. Meas. Tech., 9, 1051–1062, 2016 www.atmos-meas-tech.net/9/1051/2016/
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Figure 5. Deviations between MIPAS and cryosampler data after elimination of meteorological feature in profile B45 between 20 and

25 km altitude. Left panel: CH4 validation based on all cryosampler (BONBON) flights considered in this study. Red line: interpolated

mean difference between MIPAS-E and cryosampler mixing ratio values. Red error bars: mean standard deviation of the difference between

MIPAS-E and cryosampler mixing ratio value for the respective altitude range. Blue line: interpolated mean error for CH4 mixing ratio

values from MIPAS-E database. Right panel: CH4 validation based on cryosampler flights B42, B43, B45, and B46. Red line: interpolated

mean difference between MIPAS-E and cryosampler mixing ratio values. Red error bars: mean standard deviation of the difference between

MIPAS-E and cryosampler mixing ratio value for the respective altitude range. Blue line: interpolated mean error for CH4 mixing ratio values

from MIPAS-E database.

Figure 6. Same as Fig. 1, but instead of CH4 now N2O.

Figure 7. Same as left panel of Fig. 3, but instead of CH4 now N2O.

observations in this region. The quantitative N2O validation

based on all flights is displayed in Fig. 7. The most signifi-

cant mean differences are located at an altitude of 20–25 km

and are mainly caused by the sharp structure in the profile

of B45. Above and below this altitude range the agreement

is much better, so differences between MIPAS-E and in situ

observations can be explained by the stated uncertainty of the

MIPAS-E values.

Figure 8 again distinguishes between high spectral reso-

lution (flights B39, B40, and B41) and low spectral reso-

lution validation measurements (flights B42, B43, B45, and

B46) of MIPAS-E. For the validation based on the high spec-

tral resolution validation flights between ∼ 13 and 21 km,

the deviations between N2O mixing ratio values measured

by satellite and balloon respectively are significantly higher

than the stated MIPAS-E N2O error, with MIPAS-E values

consistently higher than the in situ data. The more recent low

spectral resolution data tend to overestimate the mixing ra-

tios below 20 km. The overall reasonable agreement below

20 km is thus in case of N2O in part due to an overestimation

of N2O mixing ratios in the high spectral resolution and an

underestimation in the low spectral resolution data. In addi-

tion, MIPAS-E consistently underestimates the mixing ratio

values at altitudes above ∼ 27 km for the high spectral reso-

lution data set. In comparison the validation based on the low

spectral resolution flights with lower spectral resolution gen-

erally shows agreement within the stated uncertainties (espe-

cially above 25 km), with the exception of the region between

∼ 21 and 25 km which is again explained by the special fea-

ture in the B45 data (Fig. 6). Figure 9 shows the differences

for the entire data set and the low spectral resolution data set

when the region between 21 and 25 km from the flight B45

www.atmos-meas-tech.net/9/1051/2016/ Atmos. Meas. Tech., 9, 1051–1062, 2016
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Figure 8. Same as Fig. 4, but instead of CH4 now N2O.

Figure 9. Same as Fig. 5, but instead of CH4 now N2O.

Figure 10. Same as Fig. 1, but instead of CH4 now CFC-12.

is eliminated from the data set. An overall display shows the

mean deviation is affected by the sharp structure.

3.3 Validation of MIPAS-E CFC-12

The vertical structure of the CFC-12 profile for flight B45

(Fig. 10) looks similar to the profiles of CH4 and N2O, which

are displayed in Figs. 1 and 5 respectively. The altitude range

Figure 11. Same as left panel of Fig. 3, but instead of CH4 now

CFC-12.

including the dynamical feature shows large differences be-

tween the matched MIPAS-E data and the in situ data. Again

the variability in the matched MIPAS-E data is larger in the

region of the dynamical feature indicating that the mismatch

is most probably due to inaccuracies of the match technique

applied here. In contrast to CH4 and N2O there is also a

significant discrepancy below about 13 km, where the CFC-

Atmos. Meas. Tech., 9, 1051–1062, 2016 www.atmos-meas-tech.net/9/1051/2016/
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Figure 12. Same as Fig. 4, but instead of CH4 now CFC-12.

Figure 13. Same as Fig. 5, but instead of CH4 now CFC-12.

Figure 14. Same as Fig. 1, but instead of CH4 now CFC-11.

12 mixing ratios measured by MIPAS-E underestimate the

in situ data. Using all available flights the differences be-

tween MIPAS-E and in situ data are mostly within the mea-

surement error specified for MIPAS-E (Fig. 11). Especially

above 25 km the agreement is within the stated uncertainties.

Below ∼ 13 km the mixing ratio values are underestimated,

most significantly in the lowest bin between 10 and 11 km.

For the region below 20 km a very high variability is ob-

Figure 15. Same as left panel of Fig. 3, but instead of CH4 now

CFC-11.

served in the validation results as indicated by the large error

bars, which are substantially larger than the quoted uncer-

tainty. As in the case of CH4 and N2O the combination of all

data may not reveal all aspects of the validation. Figure 11

shows the difference between the validation based on the

high spectral resolution validation flights and the low spec-

tral resolution ones respectively. For the validation based on
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Figure 16. Same as Fig. 4, but instead of CH4 now CFC-11.

the high spectral resolution validation flights (left panel), the

mixing ratio values measured by MIPAS-E are overestimated

below 20 km, whereas based on the low spectral resolution

validation flights (right panel) there is an underestimation.

So for the combined validation displayed in Fig. 10, these

two discrepancies nearly compensate each other. This is re-

flected in the large variability below 20 km shown in Fig. 11.

Figure 12 (right panel) shows again a significant discrepancy

in the 21–25 km altitude region where the dynamical feature

is observed in flight B45. Figure 13 again shows the result

of eliminating this feature from the validation of the entire

period (left panel) and the low spectral resolution data after

January 2005 (right panel). In both cases the results from the

validation above 20 km are within the given uncertainty esti-

mate. Below 20 km the mean good agreement in the overall

validation is again an effect of a cancellation of the overes-

timation of the high spectral resolution validation flights and

the underestimation of the low spectral resolution validation

flights.

3.4 Validation of MIPAS-E CFC-11

CFC-11 has the shortest stratospheric lifetime of all trace

gases discussed here (SPARC, 2013). The vertical profile ob-

served on 10 March 2009 (flight B45) is displayed in Fig. 14

in comparison to the matched satellite data. The strong dy-

namical feature observed in the profiles of N2O, CH4, and

CFC-12 is much less obvious in the CFC-11 data of the cryo-

genic whole sampler. Upon close inspection higher mixing

ratios of CFC-11 are indeed observed at 25 km (thus just

above the dynamical feature) in comparison to the samples

collected around 21 and 23 km altitude. The reason for this

behaviour is that CFC-11 is nearly completely photolysed in

this region of the stratosphere already, making it less sensi-

tive to dynamical variability. The comparison in Fig. 14 does

however reveal that the mixing ratios of CFC-11 are over-

estimated by the retrieval algorithm over the entire range of

the profile. Even at altitudes where CFC-11 is no longer mea-

sured by the cryogenic whole sampler (i.e. the mixing ratio is

below the detection limit of about 0.5 ppt), the retrieval yields

several tens of ppt of CFC-11, which is clearly unrealistic. As

can be seen in Fig. 15 the combined validation of CFC-11

shows the lowest quality in comparison to the validation of

CH4, N2O, and CFC-12. For the full altitude range the CFC-

11 mixing ratio values are overestimated and not explainable

with the uncertainty stated in the MIPAS-E data used here.

The overestimation of the CFC-11 mixing ratios is obvious

in both the high spectral resolution data and the low spec-

tral resolution data, although the differences are largest in the

upper part of the profiles for the later data and in the lowest

part of the earlier data (see Fig. 16). The differences between

satellite and balloon mixing ratio cannot be explained within

the measurement uncertainty for the data with high spectral

resolution. While the CFC-11 mixing ratios of the MIPAS

derived with this retrieval for the low spectral resolution data

still overestimate the balloon data, the agreement is within

the uncertainties below 20 km altitude.

4 Discussion and conclusion

The comparison of the results of in situ measurements and

satellite instruments is important in order to assess the qual-

ity of the satellite data. The database available in this study

for the validation of MIPAS-E operational retrievals (ver-

sion 6.0) of CH4, N2O, CFC-12, and CFC-11 is rather small

with only seven flights, i.e. seven vertical profiles from the

in situ observations. In addition the validation took place

under different geophysical and meteorological conditions,

and the spectral instrumental resolution of MIPAS-E was

changed as of January 2005 due to technical problems, which

requires additional attention as the spectral resolution will

affect the retrieval results. The validation results are not al-

ways unambiguous; in particular significant differences are

observed in the comparison with the high spectral resolution

and the low spectral resolution data. Surprisingly the data af-

ter January 2005 (low spectral resolution) seem to show a

better agreement with the in situ data. Above 20 km altitude

there is generally a good agreement between both data sets
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within the errors given in the MIPAS-E retrieval for CH4,

N2O, and CFC-12. For the high spectral resolution data a

significant underestimation of both CH4 and N2O in this re-

trieval version is observed above 25 km which can be on the

order of 100 ppb of CH4 (up to about 20 %) and 30 ppb N2O

(up to about 30 %) around 30 km altitude. An underestima-

tion of the CFC-12 mixing ratios is also observed, but this

feature is closer to the uncertainty range given in the CFC-

12 retrieval. In contrast to this we find a significant over-

estimation of mixing ratios of CH4, N2O, and CFC-12 be-

low 20 km, which may be as large as 300 ppb of CH4 (up to

25 %), 40 ppb of N2O (up to 20 %), and 50 ppt of CFC-12

(up to 20 %). In combination this should result in an overes-

timation of the vertical gradient of these three trace gases in

the high spectral resolution data.

After elimination of a dynamical feature, which is proba-

bly not well caught in the trajectory matching, the low spec-

tral resolution data generally agree better with our in situ

data. Above 20 km there is generally a good agreement which

is within the estimated uncertainty limits for CH4, N2O, and

CFC-12. For CH4 a good agreement within the stated un-

certainty is also observed below 20 km, while there seems to

be a tendency for an underestimation of the mixing ratios of

N2O (20 ppb or around 15 % at around 15 km) and also of

CFC-12 (50 ppt or about 10 % at 10 km).

For CFC-11 the validation shows a very consistent picture.

The ESA version 6.0 retrieval of MIPAS-E clearly and sig-

nificantly overestimates the CFC-11 mixing over the entire

stratosphere both in the high spectral resolution and the low

spectral resolution data. This version of the CFC-11 retrieval

cannot be recommended for scientific studies.
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