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Abstract. Water vapor is the most important greenhouse gas
and its spatiotemporal variability strongly exceeds that of all
other greenhouse gases. However, this variability has hardly
been studied quantitatively so far. We present an analysis of
a 5-year period of water vapor measurements in the free tro-
posphere above the Zugspitze (2962 m a.s.l., Germany). Our
results are obtained from a combination of measurements of
vertically integrated water vapor (IWV), recorded with a so-
lar Fourier transform infrared (FTIR) spectrometer on the
summit of the Zugspitze and of water vapor profiles recorded
with the nearby differential absorption lidar (DIAL) at the
Schneefernerhaus research station. The special geometrical
arrangement of one zenith-viewing and one sun-pointing in-
strument and the temporal resolution of both instruments al-
low for an investigation of the spatiotemporal variability of
IWV on a spatial scale of less than 1 km and on a timescale
of less than 1h. The standard deviation of differences be-
tween both instruments oy calculated for varied subsets of
data serves as a measure of variability. The different subsets
are based on various spatial and temporal matching criteria.
Within a time interval of 20 min, the spatial variability be-
comes significant for horizontal distances above 2 km, but
only in the warm season (ojwv = 0.35mm). However, it is
not sensitive to the horizontal distance during the winter sea-
son. The variability of IWV within a time interval of 30 min
peaks in July and August (ojwv > 0.55mm, mean horizon-
tal distance =2.5km) and has its minimum around midwin-
ter (ojwv < 0.2mm, mean distance > 5km). The temporal
variability of IWV is derived by selecting subsets of data
from both instruments with optimal volume matching. For
a short time interval of 5min, the variability is 0.05mm and
increases to more than 0.5 mm for a time interval of 15h. The
profile variability of water vapor is determined by analyzing

subsets of water vapor profiles recorded by the DIAL within
time intervals from 1 to 5h. For all altitudes, the variabil-
ity increases with widened time intervals. The lowest relative
variability is observed in the lower free troposphere around
an altitude of 4.5 km. Above 5km, the relative variability in-
creases continuously up to the tropopause by about a factor
of 3. Analysis of the covariance of the vertical variability re-
veals an enhanced variability of water vapor in the upper tro-
posphere above 6 km. It is attributed to a more coherent flow
of heterogeneous air masses, while the variability at lower
altitudes is also driven by local atmospheric dynamics. By
studying the short-term variability of vertical water vapor
profiles recorded within a day, we come to the conclusion
that the contribution of long-range transport and the advec-
tion of heterogeneous layer structures may exceed the impact
of local convection by 1 order of magnitude even in the alti-
tude range between 3 and 5 km.

1 Introduction

Water vapor plays a key role in weather and climate phenom-
ena and is the most important greenhouse gas (e.g., Harries,
1997; Kiehl and Trenberth, 1997; Trenberth et al., 2007).
However, the feedback between the anthropogenic (COz-
driven) temperature increase and the influence of water va-
por is far from understood (e.g., Wagner et al., 2006). Fur-
thermore, climate projections still suffer from inaccurate pa-
rameterizations of water vapor absorption processes within
the radiation code of general circulation models (e.g., Turner
and Mlawer, 2010). Understanding the role of water vapor in
the climate system is particularly complex because water va-
por is the only trace compound in the atmosphere appearing
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in all three states of matter. This involves a variety of factors,
e.g., the possibility of latent heat transport (thereby damping
latitudinal temperature gradients) and the fact that precipita-
tion is the largest sink of atmospheric water vapor. The lat-
ter is the main reason for the strong decrease of water vapor
concentration with altitude, and it is the reason why water
vapor has an average lifetime in the atmosphere of just about
9 days, shorter than for any other greenhouse gas. The short
lifetime is a basis of the very high spatiotemporal variability
of water vapor (Trenberth, 1998).

However, the spatiotemporal variability of water vapor on
the scales relevant to weather and climate is still far from
being quantitatively characterized, and the underlying pro-
cesses are not well understood. Variability, for instance, may
be caused by local dynamics above complex mountain ter-
rain (which changes with season), by regional meteorologi-
cal effects, or by advection on larger scales. A highly inter-
esting question is the variance of water vapor as a function
of altitude on different timescales. Previous studies at our site
based on ozone and aerosol lidar profiling demonstrated that
the free troposphere may be affected by regional contribu-
tions, long-range transport, and stratosphere—troposphere ex-
change causing strongly and rapidly changing vertical struc-
tures in the concentration profile (Eisele et al., 1999; Stohl
and Trickl, 1999; Trickl et al., 2003, 2010, 2011). In partic-
ular, we frequently observed very dry and sometimes very
thin layers in the free troposphere, which were associated
with stratospheric intrusion events. It remains open, however,
how much such processes significantly contribute to the ob-
served variability of water vapor in the middle and upper tro-
posphere.

For understanding the long-term changes and the variabil-
ity of water vapor, high-quality vertical sounding of water
vapor with high temporal density is required. During the past
years, a variety of optical remote sounders has been devel-
oped for this purpose in addition to the classical radioson-
des (e.g., Kdmpfer, 2013). Lidars, Fourier transform infrared
(FTIR) spectrometers, and microwave radiometers fulfill the
requirements of frequent measurements. In particular, we de-
veloped a differential absorption lidar (DIAL) for use at the
Zugspitze, which allows for continuous day- and nighttime
soundings of water vapor profiles up to the tropopause (Vo-
gelmann and Trickl, 2008). For measuring integrated wa-
ter vapor (IWV), the solar FTIR technique was found to be
one of the most accurate and precise ground-based sounding
techniques with a precision better than 0.05 mm (2.2 % of the
mean) (Sussmann et al., 2009). According to a recent valida-
tion study, the lidar and FTIR water vapor sounders used for
the work presented here are in excellent agreement (Vogel-
mann et al., 2011).

Comparing two high-precision state-of-the-art water va-
por sounders, we also found that it is necessary to use very
strict temporal coincidence criteria on the timescale of min-
utes and a spatial matching on the scale of 200 m. Otherwise,
the combined precision of the instruments will be affected by

Atmos. Chem. Phys., 15, 3135-3148, 2015

Table 1. Specifications of the FTIR and the DIAL on the Zugspitze.

FTIR DIAL
Geographical 10°59'8.7" E 10°58'46.8" E
Coordinates 47°25'15.6" N 47°25'0" N
Altitude a.s.l. 2964 m 2675m
Vertical range a.s.l. above 2.96 km  2.95-12km
Typ. integration time 13.3min 17 min
Spectral range [cm™1]  micro windows  von
839.5-840.5 12 236.560
849.0-850.2 12 237.466
852.0-853.1 12243.537

the natural variability of water vapor (Sussmann et al., 2009;
Vogelmann et al., 2011). This was confirmed by Bleisch et al.
(2011), who reported that in case of long distances between
the locations of the intercompared instruments, atmospheric
variability tends to blur out the significance of validation
results. The question of co-location has also become an is-
sue in the Global Climate Observing System (GCOS) Refer-
ence Upper Air Network (GRUAN) (Immler et al., 2010; Sun
etal., 2010; Seidel et al., 2011; Fasso et al., 2014), and it was
addressed when evaluating water vapor sounding validation
campaigns like MOHAVE (2009), LUAMI (2008), WAVES
(2006), AWEX-G (2003) (Leblanc et al., 2011; Stiller et al.,
2012; Wirth et al., 2009; Adam et al., 2010; Whiteman et al.,
2006). Co-location also is of relevance to ground-based val-
idation of satellite missions and has been addressed many
times (e.g., Tobin et al., 2006; Soden and Lanzante, 1996).

The goal of this paper is to derive quantitative informa-
tion relating to the spatiotemporal variability of water va-
por. The solar FTIR spectrometer on the summit of the
Zugspitze (2962 m a.s.l.), and the DIAL located only 680 m
to the southwest and about 288 m below provide a unique
geometrical arrangement of two high-precision water vapor
sounders, allowing for an advanced analysis of the spatiotem-
poral variability of integrated water vapor (IWV) on small
scales (At < 1h, Ax < 1km).

After a brief description of the instrumental setup as well
as of the FTIR and DIAL IWV data with their geometrical
and temporal properties, we present the quantification of the
spatial and temporal variability of IWV by statistical analysis
of selected subsets of IWV data from the FTIR and the DIAL
(Sects. 3.1 and 3.2). The profile-type variability of the verti-
cal water vapor distribution is analyzed quantitatively by in-
vestigating selected subsets of DIAL soundings and by calcu-
lating a profile covariance matrix (Sect. 4). Different mech-
anisms driving the short-term variability of water vapor are
investigated in four case studies (Sect. 5). Finally, major re-
sults are summarized (Sect. 6).
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2 Instrumentation and geographical arrangement
2.1 Zugspitze solar FTIR system

Solar absorption FTIR spectrometry uses the direct radiation
from the sun in the mid-infrared range as a light source. The
FTIR provides total columns of numerous atmospheric trace
gases. Additionally, information on the vertical distribution
of trace gases can be derived (typically 2-3 degrees of free-
dom in a retrieval optimized for IWV) from the shape of the
pressure-broadened infrared lines. Due to its principle, the
solar FTIR points towards the actual position of the sun and
measures slant columns/profiles that are angle corrected for
consistency with vertical profiles. The FTIR instrument (Ta-
ble 1) located on the summit of the Zugspitze is based on
a Bruker IFS125HR interferometer and is described in de-
tail by Sussmann and Schéfer (1997). The retrieval of IWV
is based on the SFIT 2 algorithm (Pougatchev et al., 1995),
which is the standard code of the Network for the Detection
of Atmospheric Composition Change (NDACC). An FTIR
retrieval optimized for IWV was developed recently by Suss-
mann et al. (2009). The precision of the IWV retrieval was
estimated to be better than 0.05mm (2.2 % of the mean).

2.2 Differential absorption lidar (DIAL)

DIAL is a laser-based remote sensing technique that provides
number-density profiles of trace gases. Measurements are
based on specific molecular absorption and well-established
spectroscopy. The Zugspitze DIAL is operated with single
absorption lines in the 817 nm band of H,O (Table 1) for
ground-based water vapor profiling in the free troposphere.
In order to keep a balanced signal-to-noise ratio, a vertical
resolution (VDI Guideline 4210) of 50 to 300 m is adapted
dynamically to the vertical range from 2.95 to roughly 12 km
a.s.l., respectively. Thus, statistical measurement uncertain-
ties are kept below about 5% related to a mean humidity pro-
file throughout the free troposphere. The sensitivity limit is
roughly 18 ppm at 10 km a.s.l. which can occasionally be un-
dercut in the upper troposphere. If this is the case, the upper
end of the valid measurement range is reasonably reduced
to lower altitudes. The DIAL instrument is located at the
Schneefernerhaus research station (UFS) on the steep south-
ern slope of the Zugspitze at an altitude of 2675m a.s.l. The
range of the Zugspitze DIAL starts 250 m above the labo-
ratory, slightly below the altitude of the FTIR spectrometer.
The DIAL system at Schneefernerhaus/Zugspitze and the re-
trieval of water vapor profiles are described in more detail by
Vogelmann and Trickl (2008). Water vapor profiles from the
Zugspitze DIAL allow for retrieving IWV with a precision
better than 0.1 mm (Mogelmann et al., 2011).

2.3 Geographical setup and IWV data selection

The Zugspitze (47.42° N, 10.98° E, 2962 m a.s.l.) is by far
the highest mountain on the northern rim of the Alps. The
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Figure 1. Geometrical setup of the IWV intercomparison between
DIAL and FTIR on the Zugspitze. The DIAL is located 680 m to the
southwest of the FTIR and 288 m below. The horizontal coordinate
grid plane marks the mean altitude of the center of gravity of the
water vapor distribution above the Zugspitze (see text) and its point
of origin is vertical above the FTIR. The red, green, and blue curves
in the CG plane are the trajectories of the points, where the view line
(e.g., orange lines from FTIR to the sun in the case of midsummer)
of the FTIR meets the CG plane in midsummer, spring, and mid-
winter. Consequently, the trajectories mark the horizontal position
of the center of gravity of the water vapor distribution measured by
the FTIR along its slanted view line. The pink line marks the fixed
vertical view line of the DIAL.

free troposphere above this site is representative of central
Europe. The mountain is above the moist boundary layer for
most of the year. Due to reduced absorption losses this site
is ideal for sensitive spectroscopic measurements of water
vapor throughout the free troposphere. While the FTIR in-
strument is located on the summit of the Zugspitze the DIAL
instrument is located at the Schneefernerhaus research sta-
tion (UFS) on the steep southern slope of the Zugspitze at an
altitude of 2675m a.s.l., 680 m southwest of the FTIR instru-
ment (Fig. 1).

The sun-pointing geometry of the FTIR instrument and the
fixed zenith-pointing geometry of the DIAL allow for study-
ing the differences of IWV values measured by both instru-
ments with defined spatial and temporal matching (Fig. 1).
According to reanalysis data from the National Center for
Environmental Prediction (NCEP), the center of gravity of
the water vapor vertical distribution above the Zugspitze is
most frequently located at a rather constant altitude between
4300 m a.s.l. in summer and 4400 m a.s.l. in winter. For sim-
plicity, it is assumed that the FTIR IWV is horizontally lo-
cated at the point where the viewing direction of the instru-
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Figure 2. Trajectories of the horizontal positions of the center of
gravity (CG) of the vertical water vapor distribution measured by
the FTIR for IWV midsummer, spring, and midwinter. Center of
gravity horizontal locations from FTIR measurements chronologi-
cal coinciding with DIAL measurements (Ar < 30min) are marked
by crosses.

ment meets the altitude level of the center of gravity of the
IWV distribution. This assumption, of course, describes the
reality at high sun elevation angles better while the measured
FTIR IWV is more horizontally blurred for low sun eleva-
tions close to the horizon. From this and the actual position
of the sun, a rough estimate of the varying horizontal posi-
tion of the IWV measured by the FTIR instrument is possi-
ble. The zenith angle of the sun defines the horizontal dis-
tance from the instrument, which may vary from less than
1 km around noon in midsummer to more than 10 km at very
low sun positions. The azimuth of the FTIR IWV position is
equal to the azimuth of the sun position which depends on
daytime and season. In contrast to this, the horizontal posi-
tion of IWV measured with the DIAL is always fixed to the
location of the instrument, 680 m southwest of the FTIR site.
This is illustrated in Fig. 1.

Figure 2 shows the horizontal allocation of all FTIR IWV
measurements recorded concurrently (At < 30min) with a
DIAL measurement. The horizontal distance between the lo-
cation of the DIAL and the horizontal position of the IWV
measured by the FTIR is defined as spatial matching Ax.
Figure 2 also shows the daily trajectories of the horizontal
position of the center of gravity of IWV probed with the
FTIR instrument for midsummer, equinox, and midwinter.
In the summer season, the mean horizontal distance Ax is
obviously smaller than during winter (see dashed curve in
Fig. 4).

Atmos. Chem. Phys., 15, 3135-3148, 2015

3 Variability of integrated water vapor in space and
time

Of more than 350 lidar profiles recorded in the years 2007-
2009, more than 250 profiles were measured during daytime
(i.e., between 05:00 and 19:00 LT). In the same period, more
than 3500 column measurements were made by the FTIR
instrument. The systems operate with a typical integration
time of 13min (FTIR) and 17 min (DIAL). In order to ob-
tain a quantitative measure of the water vapor variability, we
analyzed certain measurement samples recorded by the two
different instruments under certain spatiotemporal matching
criteria for Ax and Ar. The centers of the integration time of
both FTIR and DIAL were used to determine the temporal
matching. We retrieved oywv by calculating the standard de-
viation of the differences of IWV values from a linear model
y=a-x+b:

1 k
o = m;(” — (axi +b)), @

where y; and x; are the IWV values from the DIAL and the
FTIR, respectively, within one sample, and » is the sample
size. a and b were calculated by a regression analysis using
the method of least squares. Thus,

B 1 & _ =026 =)y ’
oWV —\J H;()’z —y- Zj(xj _2)2 . (2)

The matching criteria, amongst others, define the sample size
n, which influences the uncertainty of opwy itself. The un-
certainty of oywy is given by opwy /+/2(n — 1)) and is illus-
trated by the error bars in Figs. 3-5. The inherent integration
times of the instruments (roughly 15min) cause a statisti-
cal underestimation of short-term variabilities on the scale
of minutes. For the shortest time intervals investigated here
(4 min), variations are statistically underestimated by factor
of about 2.

3.1 Spatial variability

We decided to analyze the spatial and temporal variabilities
separately for summer and winter because of two counteract-
ing effects:

1. The special observation geometry in this study implies
that the spatial overlap Ax of both soundings depends
on both daytime and season. As shown in Figs. 1, 2, and
4 (dashed curve), the best spatial matching (Ax < 1km)
is achieved around midsummer in the early afternoon
only (between 12:00 and 14:00 UTC), while Ax is al-
ways larger during the winter season.

2. Due to heat-driven convective dynamics in complex
mountain surroundings, spatial and temporal variabili-
ties of IWV are expected to be higher during the sum-
mer season. The convection above alpine terrain can

www.atmos-chem-phys.net/15/3135/2015/
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Figure 3. o1wv as a function of the horizontal distance Ax between
the center of gravity of FTIR IWV and DIAL IWV in the summer
season (red) and in the winter season (blue). The coincidence time
interval Ar is 60 min for the blue curve and 30 min for the red curve.
For geometrical reasons, the shortest distance in the winter season
is 1 km. The number of measurement pairs from which oy was
calculated is indicated by the numbers near the curves (not for all
nodes). The uncertainties (+o) are indicated by the error bars (for
calculation see text).

reach an altitude of about 1.5 km above the mean sum-
mit levels in summer (Carnuth and Trickl, 2000; Kreipl,
2006). During all other seasons, the convection usually
does not even reach the summit of the Zugspitze and our
measurement range.

For determining the spatial variability of IWV, we calculated
onwv as a function of varied spatial matching Ax by us-
ing measurement pairs within a time interval of Ar = 30min
(summer) and At = 60 min (winter). As mentioned above, it
was shown that for a good agreement of both systems, very
tight spatial and temporal matching criteria are mandatory
(Mogelmann et al., 2011). Figure 3 (red curve) shows ojwv
as a function of the horizontal distance of the probed vol-
umes in the summer season. While ojwy constantly remains
around 0.35mm for Ax < 2km, it rises to values of more
than 0.65mm at a distance of Ax = 4km. This result shows
that the variability depends on the spatiotemporal matching.
Up to Ax =2km, the temporal variability within the se-
lected time interval (At = 30min) predominates. For larger
distances, the contribution of spatial variability becomes sig-
nificant.

In contrast to this, ojwy iS not increasing with Ax in the
winter season (Fig. 3, blue curve). This is in agreement with
the assumption that local convection does not reach the ver-
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Figure 4. ojwy as a function of a Julian day. The coincidence
interval is 20min in this case; pairs within 30 days were taken
into account. The quantity of measurement pairs from which oywv
was calculated is indicated by the numbers near the curve. The
dashed line shows the mean horizontal distance between the pair-
wise soundings of IWV as a function of the season. The uncertain-
ties (o) are indicated by the error bars (for calculation see text).

tical measurement range during the winter season and that
the WV variability is probably dominated by horizontal
advection of filamentary structures in the free troposphere
from very different source regions. Consequently, the ob-
served variability during winter is due to larger spatial scale
processes (compared to local convection in summer), which
would explain the absence of an increase with Ax in Fig. 3.
Note that because IWV is much lower in winter than in sum-
mer, the relative variabilities (i.e., if ojwy Were given in per-
cent) are larger for the blue curve in Fig. 3. This means
that advection of filaments (winter) leads to larger relative
changes of IWV than local convection in summer. We will
discuss this finding in more detail within the context of the
variability of the vertical water vapor profile in Sect. 4. Fig-
ure 3 also indicates that ojwy even shows a trend towards
lower values for distances above 6 km. We explain this by
the fact that measurements with large horizontal mismatch
(Ax > 6km) require extraordinarily calm and clear weather
conditions, because the FTIR instrument requires a cloudless
field of view and a sun position close to the horizon.

Figure 4 shows ojwy as a function of the Julian day. Here,
counteracting effects can be observed. While the mean hor-
izontal distance (dashed curve) is low in the summer season
(Ax < 2km), it reaches up to almost 10 km around midwin-
ter. The variability over the entire field of horizontal distances
within a certain time interval (e.g., 20 min) reaches its max-
imum of almost 0.6 mm when the temperature peaks around
the end of July. We assume that this is a direct effect of the
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Figure 5. Variability as a function of the length of the time interval.
The red curve shows ajwy from all measurements with no geo-
metrical restrictions as a function of the length of the time interval
in which data were taken into account. The green curve only in-
cludes measurements recorded in the early afternoon when the vol-
ume matching peaks with a sun azimuth of 210+ 6°. The blue curve
only shows ojwy of IWV values from the FTIR instrument. The
quantity of measurement pairs from which o)y was calculated is
indicated by the numbers near the curves (not for all nodes). The
uncertainties (o) are indicated by the error bars (for calculation
see text).

heat-driven local convection, which can reach altitudes of
4.5km at the Zugspitze site during the summer season (Re-
iter et al., 1983; Milller and Reiter, 1986; Carnuth and Trickl,
2000; Carnuth et al., 2002; Kreipl, 2006). The fact that the
variability shows moderate values at the minimum average
distance leads to the assumption that it is partially caused by
local effects. As expected, the minimum variability of about
0.15mm is observed around midwinter when temperatures
are low, although the mean horizontal mismatch of both in-
struments is largest at this time of the year. This supports the
assumption that local dynamics do not play a significant role
during midwinter.

3.2 Temporal variability

For the analysis of temporal variability, we calculated the
standard deviation of differences opwy between IWV values
from both instruments as a function of temporal coincidence.
This was repeated for varied spatial matching criteria. When
using all IWV values from both instruments without apply-
ing any geometrical matching criteria, opwy shows a flat min-
imum around a coincidence interval of Ar = 20min, see red
curve in Fig. 5. About 100-300 coincident pairs contribute to

Atmos. Chem. Phys., 15, 3135-3148, 2015

the ensembles within this minimum. At first, a minimal oy
for the shortest interval length was expected. Two different
effects are responsible for the minimum around At = 20 min.
First of all, most FTIR and lidar measurements were carried
out in the morning, because there are still few clouds. As a
consequence, most of the pairs with the shortest coincidence
intervals are found in the morning where the spatial matching
is worst (see Figs. 1 and 2). This slightly increases oywy on
the very left hand side of the red curve in Fig. 5. Secondly,
many pairs with good spatial matching can be found around
noon, even for somewhat larger temporal coincidence inter-
vals. This explains the decrease of ojwy towards the mini-
mum (red curve in Fig. 5).

When considering measurement pairs with an FTIR sun
azimuth close to the position of the DIAL instrument (210 4
6°) only, oywv is much smaller in general and has its min-
imum at the shortest coincidence intervals (green curve in
Fig. 5). For time intervals on the minutes scale, we find
owv = 0.05mm, which agrees with the validated (com-
bined) precision of our instruments Vogelmann et al. (2011).

The temporal variability of IWV can also be estimated
from the standard deviation of differences of measurements
recorded by the same instrument within certain time inter-
vals. In our case, this was possible with data from the FTIR
instrument only, thanks to its more frequent and continuous
operation. The result is reflected by the blue curve in Fig. 5.
Due to the solar FTIR’s 13.3 min integration time, the curve
starts at an interval length of At =20min. The blue curve
begins to deviate increasingly from the green curve beyond
30 min and converges towards the red curve for larger time
intervals. This corresponds to the fact that we observe a su-
perposition of temporal and spatial variability with the solar
FTIR, i.e., for larger time intervals, the FTIR instrument pro-
duces a spatial mismatch by itself: due to its sun-pointing ge-
ometry, the FTIR instrument probes a different volume after
a certain time. This spatial mismatch has a significant effect
for time intervals longer than 30 min.

4 Profile variability

The variability of the vertical water vapor distribution on
timescales of Ar <5h was derived from water vapor num-
ber density profiles retrieved from the DIAL measurements.
We built ensembles of DIAL water vapor profiles recorded
within a range of time intervals (e.g., 1-5h). After normaliz-
ing each profile using the respective ensemble mean profile,
we merged all normalized profiles into a large ensemble for
statistical analysis. First, we calculated the relative variance
o2 /u? (with . = ensemble mean number density) as a func-
tion of altitude for different time intervals. This is plotted
on the left hand side of Fig. 6. For the shortest time interval
of this investigation (1h), the relative variance starts with a
value of about 0.02. Above 5km, the variance continuously
increases to more than 0.38 at an altitude of about 11 km a.s.l.
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Figure 6. The short-term variability of the vertical water vapor profile is illustrated by the plot of the relative variance as a function of altitude
within different time intervals (left plot). The covariance matrix (right plot) gives an idea of the interconnectivity of the variation between

different altitudes.

For longer time intervals up to 5h, the relative variance be-
haves quite similarly, but is shifted to higher values at all alti-
tudes. This is in agreement with our results of IWV variabil-
ity analysis, according to which longer time intervals lead to
larger variabilities. In comparison to the 1 h profile, we see
a more significant maximum at the lower edge at 3km and
a significant minimum at 4.5km for longer time intervals.
This enhanced increase between 3 and 4 km is, to our under-
standing, induced by the diurnally varying upper edge of the
boundary layer during the warm season (see below).

For the lowest layer (i.e., 3-4 km), where most of the en-
tire column above the Zugspitze site is located, we find equal
relative variabilities as for IWV. This means that for a time
interval Ar = 1h, the coefficient of variation o/ = 0.12.
From the green curve in Fig. 5, we obtain a 1 h variability
of 0.27 mm with a 60 min ensemble mean IWV of 2.33 mm,
which also yields a coefficient of variation of 0.12.

In contrast to this, the relative variability increases with
altitude above 5 km. This can be explained by the increasing
wind speed at higher altitudes in the troposphere. The tem-
poral variability of the water vapor density in the free tro-
posphere at a certain altitude primarily features a horizontal
variability combined with a horizontal wind velocity at this
altitude. From NCEP reanalysis data, we derived an average
wind speed as a function of altitude, which increases from a
few meters per second near the ground to about 22ms—1 in
the tropopause region (Fig. 7). Similar values were reported
by Birner et al. (2002) based on radiosonde data recorded
above Munich (southern Germany). Depending on the path-
way of the jet stream or the polar vortex, maximum wind
velocities of more than 100 m s~ occur occasionally (Riehl,
1962). Considering a time interval of 60 min, this means a
mean horizontal spread of about 80 km around 10 km alti-
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tude with a potential increase to more than 360 km in the jet
stream regime.

The general increase of the relative short-term variabil-
ity of water vapor above 5km (Fig. 6, left) seems to flatten
slightly at about 10 km. This can be explained by the fact that
the wind speed has its maximum here and decreases at higher
altitudes. Above 9 km, the contribution of measurement er-
rors becomes significant. The DIAL is not able to measure
water vapor concentrations below 18 ppm (sensitivity limit at
10 km), which may be even lower in the tropopause region.
Hence, for the calculation of variances and covariances, only
profiles valid in the entire range (3—12 km) are taken into ac-
count including a statistical error calculation.

The coherence of the short-term variability of water va-
por at different altitudes is analyzed using the covariance
matrix of the vertical profile variability (Fig. 6, right). The
covariance matrix is calculated from all normalized profiles
recorded from 2007 to 2011, which are contained in the sub-
ensembles of profiles recorded within a 5h time interval.
Consequently, the diagonal of the covariance matrix is iden-
tical to the 5h curve of the variability profile shown on the
left hand side of Fig. 6. There are no significant off-diagonal
values below 6 km. We interpret this as a sign of the lower
altitudes not being dominated by a coherent air flow for most
of the observations. This means that the horizontal flow at
certain altitudes below 6 km is not or only weakly coupled to
the flow above or below. The slight increase of off-diagonal
values between 6 and 8 km indicates a partially coherent flow.
The high off-diagonal values above 8 km indicate a large
fraction of coherent flow of inhomogeneous air masses in this
altitude region.

The weak coupling between different layers at lower alti-
tudes is in agreement with the assumption of local convection

Atmos. Chem. Phys., 15, 3135-3148, 2015



3142 H. Vogelmann et al.: Spatiotemporal variability of water vapor

16 T T T T

14 | -

Altitude a.s.l. [km]

0 L L L L
0 5 10 15 20

Mean wind speed [m/s]

Figure 7. Mean wind speed above the Zugspitze as a function of al-
titude (data from the National Center for Environmental Prediction,
NCEP). Under the jet stream regime, the wind velocity at 10 km can
occasionally exceed 100ms—1.

and turbulence being the dominant sources of variability in
the lower part of the examined altitude range. This behavior
can be described by barely interacting “bubbles” of humid
air. In the upper troposphere, on the other hand, varying air
masses are more coherently exchanged within the upper air
flow, as a result of which layers of a wider vertical spread are
affected.

5 Mechanisms driving the observed variability

In the troposphere, evaporation is the only relevant source of
water vapor and precipitation the only relevant sink. Thus,
water vapor is injected into the free troposphere by uplifting
processes, such as local convection or large-scale warm con-
veyor belts. These uplifting processes cause inhomogeneity
in the horizontal water vapor distribution at a certain alti-
tude. Furthermore, air ascending to high altitudes undergoes
cooling. If this air initially was humid, part of its water va-
por content can be precipitated during the ascent. As a re-
sult, the absolute humidity of upper tropospheric air is low in
general. Downwelling of dry air from high altitudes, in par-
ticular from the tropopause region or even the stratosphere,
also produces inhomogeneity in the horizontal humidity field
at the affected altitude levels. In contrast to uplifting pro-
cesses, downwelling generally is not a local phenomenon. As
regards the short-term variability (i.e., Az < 6h) of the verti-
cal distribution of water vapor, it is reasonable to distinguish
between inhomogeneity produced locally on a small scale
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Figure 8. Short-term variability of the water vapor profile induced
by local convection within a clearly confined upper edge of the
boundary layer at 3.5 km under stable atmospheric conditions. The
variations do not exceed a factor of 2. The example error bars (+20)
represent statistical uncertainties caused by electronic noise in the
detection.

and inhomogeneity produced remotely and transported via
long-range pathways. By analyzing the measured water va-
por profiles in combination with trajectory calculations from
atmospheric models, we found that the short-term variabil-
ity of the profiles shows contributions from both local ef-
fects and long-range transport at the same time. The short-
term variability above 5km can be attributed to the advec-
tion of a heterogeneous layer structure in most cases. Be-
low 5km, on the other hand, a clear assignment is not al-
ways possible. Backward trajectories were calculated from
reanalysis data with the NOAA Hybrid Single-Particle La-
grangian Integrated Trajectory (HYSPLIT) vertical velocity
model (http://ready.arl.noaa.gov/HYSPLIT.php, Draxler and
Hess, 1998). However, the performance of a trajectory model
is also limited above complex terrain and running times of
several days occasionally involve large uncertainties even in
the free troposphere. Sometimes several attempts are nec-
essary to guess the correct starting altitude due to shifts in
the orographic data used by the model (Trickl et al., 2010).
Thus, trajectory calculations are not considered as a proof,
but as support for plausibility. Our experience in the anal-
ysis of long-range transport events suggests a high reliabil-
ity of free-tropospheric trajectories. In the following subsec-
tions we highlight four different types of dynamics producing
short-term variability of water vapor.
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Figure 9. Short-term variability of the water vapor profile under
atmospheric instability, high-reaching convection, and only a few
hours before the formation of a thunderstorm. The example error
bars (+20) represent statistical uncertainties caused by electronic
noise in the detection.

5.1 Local convection
5.1.1 Case studies

A case of local convection under stable atmospheric condi-
tions (high pressure) is shown in Fig. 8. Three water vapor
profiles were recorded within 40 min. The variability stops at
the upper edge of the boundary layer at 3.5 km. Above this
level, the water vapor distribution remains constant through-
out that period. The upper edge of the boundary layer was vi-
sually verified by the upper edge of cumulus clouds located
at the top of some thermals. Strongly enhanced backscatter
from boundary layer aerosols was recorded up to 3.5km.
Some weaker aerosol structure that slowly moves downwards
was observed above 4.5 km and even up to 7.1 km.

The situation is somewhat different under conditions of
low pressure and atmospheric instability. This case is shown
in Fig. 9. Five profiles were recorded within a time interval
of 4h before a heavy thunderstorm developed in the after-
noon. The short-term variability of water vapor was rather
high and reached far into the upper troposphere up to at
least 7.5km. Due to the travel time of upwelling air and
the increasing horizontal wind speed, the variations at high
altitudes (e.g., above 5km) were less local than the varia-
tions near the ground. Cloud formation was first observed
between 5.5km and 6.5km. However, only a few minutes
later, clouds formed also above 2.5km. Due to cloud inter-
ference, the last valid profile was recorded at 11:10UTC

www.atmos-chem-phys.net/15/3135/2015/

3143

(LT —1h). Strongly enhanced backscatter from boundary-
layer aerosols was recorded up to 4.7 km already by the
morning (07:03 UTC). This altitude is rather high. The lat-
est profile at 11:10 UTC exhibits boundary-layer aerosols
up to 4.2km only and also a lower humidity compared to
the profiles recorded before. In our understanding, this indi-
cates a downflow near but outside of the thunderstorm. This
downwelling air had probably lost most of its original water
content during its ascent in the thunderstorm through pre-
cipitation. At 12:37 UTC (profile not shown), the extended
head of the cumulonimbus cloud of the upcoming thunder-
storm led to overcast at the site above 7.7 km. In addition,
strong aerosol structures appear up to 7.5 km. Backward tra-
jectory calculations (HYSPLIT) suggest that air between 6
and 7.5 km originated from the Caribbean boundary layer.

5.1.2 General discussion

During the warm season, local convection usually reaches
altitudes of up to 1.5 km above summit levels (Carnuth and
Trickl, 2000; Carnuth et al., 2002; Kreipl, 2006), which is
about 4.5km a.s.l. in our case. The enhanced updraft along
sunny mountain slopes is also referred to as “Alpine pump-
ing”. The slightly elevated short-term variability at lower
altitudes around 3.5km (Fig. 6, left) is attributed to local
convection and the diurnal variation in the upper edge of
the planetary boundary layer, which is caused by Alpine
pumping. Due to the strong vertical gradient of the water
vapor profile, this dominates the short-term variability of
IWV in most cases when local convection significantly ex-
ceeds 3 km (which is the bottom of our measurement range).
From the comparatively low mean wind speed at lower alti-
tudes (Fig. 7), we conclude that the elevated variability here
is caused by larger horizontal gradients in the water vapor
concentration. This means that variations occur on smaller
horizontal scales compared to higher altitudes, which under-
lines the fact that local processes (e.g., thermal lifts) on small
scales are the dominant source. Short-term variations of the
water vapor concentration at a certain altitude within the up-
per part of the boundary layer (i.e., 3-4.5km a.s.l.), which
are caused by local convection, are estimated to be smaller
than a factor of 2. Convection penetrating into the free tro-
posphere or even the upper troposphere can cause short-term
variation factors of more than 5 at these high altitudes (e.g.,
Fig. 9, other observations). The presence of aerosols (en-
hanced backscatter) usually indicates upwelling air from the
planetary boundary layer. Aerosol structures in the free tro-
posphere are also helpful for estimating the vertical velocity
of the probed air. Both cases were visually verified by the
observation of cloud formation, while trajectory calculations
from models are not able to resolve these small-scale local
processes. However, they indicate a general downwelling for
the case under stable high-pressure conditions and a general
upwelling for the case under unstable low-pressure condi-
tions.
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Figure 10. Example of extreme temporal variability of the vertical
distribution of water vapor during a stratospheric intrusion event.
Due to the advection velocity of about 11 ms~1 between 3 and 4 km
altitude (data from radiosonde at Munich at 12:00 UTC, 100 km
to the north) a time shift of 1h corresponds to a horizontal shift
of about 40 km within this altitude range. The example error bars
(+20) represent statistical uncertainties caused by electronic noise
in the detection.

5.2 Long-range transport
5.2.1 Case studies

Figures 10 and 11 show cases of extreme vertical variabil-
ity of water vapor on a timescale of hours recorded with the
DIAL. Similar scenarios have been observed many times.
From these incidents we learned that the water vapor den-
sity at a certain altitude can vary by a factor of more than 30
within a few hours. Thus, the short-term variability of water
vapor induced by long-range transport and the advection of
very inhomogeneous layer structures can exceed the impact
of local convection by 1 order of magnitude.

This is particularly pronounced for stratospheric intrusions
that descend from the Arctic to central Europe. These intru-
sion layers occasionally become the main source of short-
term variability of water vapor in the altitude range between 3
and 5 km. However, such events occur predominantly during
the winter season and are accompanied by non-convective
weather conditions. Under these conditions heterogeneous
air masses are usually advected at a high velocity which re-
sults in a very high variability at certain altitudes even on
the short timescale of 1h. Due to the origin of these lay-
ers, stratospheric intrusion events are usually accompanied
by rather dry conditions. This is illustrated by the example
given in Fig. 10 where three layers of stratospheric air have
been advected at the same time at different altitudes, thus cre-
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Figure 11. Example of extreme variability of the vertical distribu-
tion of water vapor under rather humid conditions. Due to a wind
speed of about 16 ms~1 at an altitude of 4.5km (data from ra-
diosonde Munich at 12:00 UTC, 100 km to the north) a time shift
of 2h corresponds to a horizontal shift of about 115 km at this alti-
tude. The two profiles were recorded within less than 2h. The ex-
ample error bars (+20°) represent statistical uncertainties caused by
electronic noise in the detection.

ating relative variations of the water vapor density of more
than a factor of 10 at certain altitudes within 4 h. The strato-
spheric intrusion originated above Greenland about 2-3 days
before reaching our site on 6 March 2008. It exhibited several
descending filaments lying upon one other. The very com-
plex dynamics and its accompanying heterogeneous vertical
layering is discussed in great detail in a separate publication
including a 4-day forward trajectory calculation for this case
(Trickl et al., 2014, and references therein). Stratospheric in-
trusions into the lower free troposphere usually occur in the
winter season with a frequency of roughly 4 to 10 times per
month above the Zugspitze (Stohl et al., 2000; Trickl et al.,
2010).

Also, humid air from remote boundary layers sometimes
causes rather intense short-term variations of the water vapor
distribution. An example is shown in Fig. 11. The humid-
ity profile shows a significant increase between 4 and 5km
a.s.l. within 2h. Backward trajectory calculations from re-
analysis data with the HYSPLIT vertical velocity model (see
above) for this case suggest a sudden change in the source
region from the North American upper troposphere (dry) to
the northwest Pacific and rather low altitudes of about 2 km
a.s.l. within 2h (Fig. 12). In contrast, the air at an altitude
of about 3.3km constantly originates from the subtropical
North Atlantic boundary layer (moderately humid, trajecto-
ries not shown here). The trajectory starting above the north-
west Pacific Ocean exhibits a fast ascent to the upper tropo-
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sphere within 2 days. This behavior is attributed to a warm
conveyor belt using the criteria published by Eckhardt et al.
(2004). Satellite images show that the ascending part of the
blue trajectory is near the warm front of a cyclone that is lo-
cated about 2000 km south of the peninsula of Kamchatka
(northwest Pacific Ocean). Warm conveyor belts are known
to be the most important extra-tropical transport mechanism
of water vapor to the free and upper troposphere, although the
water vapor flux moves like a jet from a rather restricted area
(Browning and Roberts, 1994; Browning et al., 1997; Eck-
hardt et al., 2004; Ziv et al., 2009). It is remarkable that these
filamentary structures are partially preserved, while traveling
around half of the hemisphere. A wind speed of 16ms~1
at an altitude of 4.5km (Munich radiosonde, 12:00 UTC)
transforms a time shift of 2 h into a horizontal shift of about
115km. The water vapor density at this altitude changes by
more than a factor of 5 within 2 h in this case.

5.2.2 General discussion

It is reasonable to assume that much of the variability in
the free troposphere is caused by the rich layer structure
advected along or in the vicinity of the North Atlantic
storm track or from the Mediterranean basin and northern
Africa. From our lidar measurements of ozone, water vapor,
and aerosol, we know that the persistence of specific free-
tropospheric layers above the Zugspitze can range from less
than 1h to more than 1 day (Eisele et al., 1999; Stohl and
Trickl, 1999; Trickl et al., 2003, 2010, 2011). Along the jet
stream, many different ascending and descending air streams
merge or separate (e.g., Appenzeller et al., 1996; Stohl, 2001;
Cooper et al., 2001, 2002, 20044, b; Flentje et al., 2005). The
advection of filamentary and heterogeneous layer structures
affects the entire free troposphere and dominates the vari-
ability of water vapor in the upper troposphere above 5km.
The most important source regions contributing to observa-
tions above the Zugspitze are the stratosphere (very dry air),
North America, the (sub)tropical Atlantic (very humid), and
also Asia. Sometimes, dry and ozone-rich air flows along
the northward spiraling subtropical jet streams (Trickl et al.,
2011). The layers frequently possess a meridional compo-
nent, leading to a transverse passage of adjacent layers across
the observational site. This implies a rapid change in concen-
trations.

6 Summary and conclusions

The result of our studies is a quantitative description of the
short-term variability of water vapor in the free troposphere
above the Zugspitze, which is a location representative of
central Europe. From measurement data recorded with two
high-precision optical water vapor sounders arranged in a
unique pointing geometry, we derived information about the
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Figure 12. Backward trajectories from the NOAA HYSPLIT model
(see text) ending above the Zugspitze at 4600, 4700 and 4800 m
a.s.l.at 06:00 UTC (upper plot) and 08:00 UTC (lower plot), 29 July
2009 were calculated from reanalysis data with a vertical velocity
model and a duration of 315h. The vertical sections are referred
to the air pressure along the pathways. The remarkable coherence
of the three pathways during a longer time indicates a rather good
reliability.

spatiotemporal variability of integrated water vapor (IWV)
on the scale of kilometers and of minutes.

Within a time interval of 20min, a variability of about
0.35mm was determined in the summer season under the
condition of good volume matching (Ax < 2km). The spa-
tial variability became significant for horizontal distances
above 2km, but only in the warm season. The variability of
IWV observed in the winter season was generally lower and
did not increase with a horizontal mismatch of the probed
volume (Ax < 12km). Its relative value, however, was larger
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than in the summer season. The seasonality of the IWV short-
term variability and the geometrical restrictions of the mea-
surements underline that local convection is the main source
of variability during the warm season, while the variability in
the winter season is driven by dynamics on a larger scale. The
temporal variability of IWV was determined to be 0.05mm
on the scale of minutes (5min) with a uniform increase to
0.5mm on a timescale of 1 day.

The free-tropospheric profile variability of water vapor on
the timescale of hours (e.g., 1-5h) shows a broad minimum
around 4.5km a.s.l. and much larger values for higher alti-
tudes with a constant increase up to the tropopause region.
Longer time intervals generally yield larger variations at all
altitudes and additionally show a more significant maximum
at the lower edge of the measurement range (3 km). These
findings are explained by the vertical wind profile and the
heterogeneity of air masses within the upper air flow ad-
vected with a high velocity and, additionally, by the impact
of local convection below 4.5 km. The covariance matrix of
the profile variability yields information about the coherence
of neighboring layers and shows that the air flow below 6 km
is rather incoherent, while the upper air stream above 8 km is
much more coherent.

We presented four case studies in which the profile vari-
ability of water vapor on the timescale of hours was attributed
to specific mechanisms: local and vertically limited convec-
tion under stable conditions, high-reaching convection un-
der unstable conditions, downwelling of a stratospheric in-
trusion, and long-range transport from very different source
regions.

The source of the variability can be either local convection
or long-range transport of inhomogeneous air masses. When
reviewing all profiles of our study, we found that it is not
always possible to distinguish clearly between both mech-
anisms of short-term variability. In particular, for altitudes
below 4.5km, which are potentially affected by local con-
vection even under stable atmospheric conditions, we must
assume a mixture of both local contributions and the advec-
tion of inhomogeneous layer structures from different remote
source regions. From cases where a clear assignment was
possible, we conclude that the long-range advection of very
inhomogeneous layer structures can cause relative short-term
variations of the water vapor concentration at a certain alti-
tude, which are larger by 1 order of magnitude than variations
in cases dominated by the impact of local convection. Due
to the high altitude of the measurement site, our analysis is
mostly restricted to the free troposphere. The upper edge of
the Alpine boundary layer reaches our measurement range
usually only during afternoons in the summer season. The
consequence of measuring above a complex alpine terrain
(steep mountain slopes) is that we observe the influence of lo-
cal convection in our measurement range (above 3km a.s.l.)
quite frequently. The impact of local convection undercuts
the possible impact of long-range transport by roughly 1 or-
der of magnitude. This suggests, at least for the summer sea-
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son, that the variability inside the boundary layer is probably
reduced to values that we observe with dominating local con-
vection reaching our measurement range. This assumption,
of course, implies that the fast advection of heterogeneous
air layers does not impact the boundary layer. However, the
reported IWV variability during the warm season with dom-
inating local convection, in principle, supports the findings
from a recent IWV variability assessment by Steinke et al.
(2015), although the underlying IWV determination started
at lower altitudes and above less complex terrain. This less
complex terrain assumably justifies our observations of rel-
ative short-term variations of about a factor of 2 higher of
IWV in summer.

In spite of the missing convection, the relative short-term
variability of water vapor (IWV and profiles) in the free tro-
posphere is higher during the winter season. This is explained
by the results of Trickl et al. (2010), according to which
stratospheric air intrusions above the Zugspitze exhibit a pro-
nounced maximum during the winter season. Roughly three-
fourths of them reach the Zugspitze summit (2962 m) and
were detected directly by the in situ instrumentation.

Our results for the first time provide a quantitative de-
scription of the free-tropospheric spatiotemporal variability
of water vapor on the scales of minutes and kilometers (hori-
zontal) for IWV and the scales of hours and 500 m (vertical)
for profiles. This information can be useful for the parame-
terization of humidity in atmospheric models as well as for
estimating the influence of the atmospheric variability of wa-
ter vapor on the significance of water vapor measurements
performed with a given integration time. In a related sense,
our results also provide the information necessary for eval-
uating intercomparison studies of imperfectly co-located or
synchronized instruments. Our findings fit perfectly with the
results of our previous intercomparison study (Vogelmann
et al., 2011) that indicated a high variability of water vapor,
as a result of which, very tight matching criteria are required
down to the scales of 10 min and several hundred meters to
reduce co-location effects to a negligible level.
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