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Abstract: The water vapour column density or vertically integrated water vapour (IWV) ranges
from about 8 mm in winter to about 25 mm in summer in Bern, Switzerland. However, there can
be day episodes when IWV drops to 2 mm or even less so that the atmosphere is extremely dry. We
selected an event in February 2021 when the tropospheric water radiometer TROWARA measured a
mean IWV value of about 1.5 + 0.2 mm for a time interval of about one day in Bern. The ECMWF
reanalysis ERA5 indicated a slightly higher IWV value of about 2.2 £ 0.4 mm where the uncertainty
is the standard deviation of IWV during the time of INV depression. The ERAS profiles of relative
humidity and specific humidity during this episode are reduced by 50% and more compared to the
monthly mean profiles. On a global map, it can be seen that Bern is within a mesoscale dry region on
that day with descending wind. Back trajectory analysis gives the result that the dry air masses in
Bern came from the North and the trajectories are descending in altitude so that dry air from the mid
troposphere came into the lower troposphere. These descending air masses from the North explain
the minimum of IWV observed in Bern on 13-14 February 2021. The surface climate in Switzerland
was dominated by a cold wave at that time. At the same time, severe cold waves occurred in Greece
and Northern America.

Keywords: integrated water vapour; troposphere; humidity; dryness; variability; microwave
radiometer; atmospheric transport; back trajectory analysis; meteorological reanalysis

1. Introduction

Water vapour contributes to about 60% of the natural greenhouse effect for clear
skies [1]. Water vapour is the most important gaseous source of infrared opacity in the
atmosphere and acts as a warming blanket for the planet. Cloud and rain droplets are
formed by condensation and aggregation of water vapour on cloud condensation nuclei.
This condensation of water vapour leads to latent heat release, which is important for
atmospheric dynamics and energetics. Finally, atmospheric water vapour is a crucial part
of the hydrological cycle consisting of evaporation, transpiration, precipitation and water
flow processes.

Water vapour column density or vertically integrated water vapour (IWV) are mon-
itored by various measuring instruments such as ground-based receivers of the Global
Navigation Satellite System (GNSS), radiosondes, microwave radiometers, or Fourier trans-
form infrared (FTIR) spectrometers [2]. Various studies indicated that IWV increased by
several percents per decade, and this positive trend of IWV conforms with the expected
increase of the water vapour abundance due to the increase of the air temperature as a
consequence of man-made global warming [2-6]. According to the Clausius—Clapeyron
relationship, a warmer atmosphere is associated with an amplification of the water vapour
abundance. The expected increase of water vapour is about 7% when the temperature
increases by 1 Kelvin. The water vapour feedback for global warming due to man-made
emissions of carbon dioxide amounts to up to a factor of two [7].
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The spatio-temporal variability of water vapour is high. This is due to the many
sources and sinks of tropospheric water vapour and the phase transitions of water. The
mean residence time of water vapour in the atmosphere is just about 8 to 10 days [8]. It
is part of the present study to learn about the mesoscale variability of atmospheric water
vapour which can lead to an extremely dry air column for a period of a day at a certain
location. The mesoscale variability is larger than the submesoscale variability of water
vapour at 300 m above ground [9]. The boundary layer height, which is strongly controlled
by the surface buoyancy flux, the surface latent heat flux, the early-morning heterogeneity
of the atmosphere, horizontal advection, and the radiative impact of clouds, contributes to
the observed mesoscale variability of water vapour [10].

Vertical advection of dry, ozone-rich air from the stratosphere leads to minima of water
vapour and maxima of ozone in the troposphere. The so-called stratospheric intrusions can
be observed as thin layers of low relative humidity and high ozone values measured by
ground-based lidars at mid latitudes [11]. However, stratospheric intrusions may have a
weak effect on IWV, and we suppose that vertical transport of dry ozone-rich air masses
may play a role in the generation of dry air columns. Dry, ozone-rich layers were observed
in the subtropical middle troposphere and were linked to quasi-isentropic transport from
the extratropical UTLS (Upper Troposphere Lower Stratosphere) suggesting a ubiquitous
UTLS influence on the subtropical middle troposphere [12].

In the tropics, dry layers are observed in the mid troposphere originating from descend-
ing air masses with condensation levels (relative humidity > 100%) in the subtropics [13].
A climatology of mid troposphere dry air layers in warm tropical ocean regions was pre-
sented by [14]. According to [15], the dry events in the tropical western Pacific region
most often originate in the Northern (winter) Hemisphere as troughs associated with baro-
clinic waves intensify and expand equatorward, leading to a process analogous to Rossby
wave breaking.

In the present study, we analyse IWV above Bern (46.95° N, 7.44° E, 575 m above sea
level) in Switzerland. The main contribution of water molecules to IWV comes from the
lower troposphere because of the higher air pressure and usually higher specific humidity
there. In Switzerland, dry, cold waves occur in winter when cold air comes from the
northeast. The circulation is dominated by a high pressure system over northern Russia
which transports dry, cold air from Siberia to Europe. The present study focuses on the
cold front on 13-16 February 2021, which is called the Greek cold wave, the strongest
cold wave in Greece since 2008 [16]. At the same time, a cold wave occurred over North
America. The cold wave was caused by a southern migration of the polar vortex and the jet
stream, likely caused by a sudden stratospheric warming event that occurred in the prior
month [17]. It is interesting that the selected IWV minimum above Bern occurred when
two cold waves were observed. Thus, the meandering of the jet stream or the breaking of a
planetary Rossby wave might be a precondition for the dry event in February 2021.

This short article starts with a description of the measurement technique and the
datasets in Section 2. The observation results of INV and related parameters are presented
in Section 3 as well as the back trajectories. The results are discussed in Section 4,

2. Instruments and Datasets
2.1. ECMWEF Reanalysis (ERA5)

We use hourly IWV data of ERA5 on single levels as provided by the Copernicus
data store in cooperation with the European Centre for Medium-range Weather Forecast
(ECMWEF) [18]. In addition, we use tropospheric profiles of humidity, temperature, wind
and ozone, which are provided by ERA5 on pressure levels with a time resolution of
1h [19]. ERAS5 assimilates various satellite products of total ozone and ozone profiles as
described by [20]. Assimilation of data from weather satellites, radiosondes and GNSS
(Global Navigation Satellite System) stations ensures the high quality of the humidity
parameters (e.g., IWV) of ERA5. The horizontal resolution of ERA5 is 0.25° in latitude and
longitude. The meteorological fields are provided on 37 pressure levels between 1000 and
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1 hPa. For the intercomparison with TROWARA radiometer data in Bern, the ERA5 data
were linearly interpolated to latitude and longitude of the radiometer. The TROWARA
radiometer data are independent and were not assimilated into ERAS.

2.2. Tropospheric Water Radiometer (TROWARA)

TROWARA is a dual-channel microwave radiometer which measures the brightness
temperature at 21.4 and 31.5 GHz since 1994. The design and the construction of TROWARA
were described by [21,22]. The instrument is located inside a temperature-controlled room
on the roof of the building for Exakte Wissenschaften (EXWI) of the University of Bern
(46.95° N, 7.44° E, 575 m.a.s.l.). The atmospheric radiation enters through a microwave
transparent window into the room where TROWARA measures it with an elevation angle
of the antenna of 40° pointing towards the southeast. This indoor operation of TROWARA
avoids a bias due to a water film or rain drops on the antenna. IWV and ILW (integrated
cloud liquid water) are retrieved for rain-free periods (ILW < 0.4 mm), while the rain rate
is retrieved when it rains (ILW > 0.4 mm) [23-26]. Further details about the instrument
and the retrieval technique are provided by [24,27].

The measurement principle and the retrieval can be briefly described. The radiative
transfer equation of a non-scattering atmosphere is

TB,i =Tee " + Tmeun,i(l - eiri)/ (1

where Tp ; is the observed brightness temperature, and T is the brightness temperature of
the cosmic microwave background. T, ; denotes the effective mean temperature of the
troposphere. 7; is the opacity of the i-th frequency channel (e.g., 21 GHz) along the line of
sight of the radiometer [24,28].

Equation (1) is solved for the opacities

T — Tmean.i
T = _In ( B,i mean,i ) , (2)
Tc - Tmean,i

where the TROWARA observations provide the radiances Tg ;.
The opacities are related to IWV, ILW, integrated rain liquid (IRL) and integrated snow
liquid (ISL) by
T, = a; + biIWV + CI(ILW + GM,IIRL) + d;ISL. 3)

where Gy ; is the Mie gain. The Mie gain increases rapidly for drop diameters larger
than 0.3 mm, reaching values up to 7 at 31.5 GHz, and almost up to 10 at 21.4 GHz [23].
Thus, the opacity due to water vapour is much smaller than the opacity due to rain.
Equation (3) cannot be solved without additional information, e.g., measurement of the
vertically and horizontally polarized radiance. For example, water vapour, cloud water,
and rain water were retrieved from measurements of a triple-frequency, dual-polarisation
microwave radiometer [29].

In case of TROWARA, we precisely derive IWV for rain-free periods. IWV during rain
is derived from linearly interpolated opacities using the rain-free opacities before and after
the rainfall. In a plane-parallel and rain-free atmosphere, the opacity is linearly related to
IWV and ILW

T = a; + bIWV + ¢ ILW, 4)

where the coefficients 2 and b partly depend on air pressure. Coincident measurements of
radiosondes allow the statistical determination of the coefficients, fine-tuned at times of
periods with a clear atmosphere [24]. The coefficient c is the mass absorption coefficient of
cloud water. ¢ depends on temperature (and frequency), but not on pressure. It is derived
from the physical expression of Rayleigh absorption by clouds [24]. The coefficients and
the opacity measurements at 21 and 31 GHz yield the desired parameters IWV and ILW
in Equation (4). The time series of IWV and ILW have a time resolution between 6 and
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13 s. The high temporal resolution of TROWARA permits the fast distinction between rain
(ILW > 0.4 mm) and rain-free (ILW < 0.4 mm) periods.

Recently, we compared IWV from ERA5 and TROWARA for rain-free periods in Bern.
The mean difference TROWARA-ERA5 was 0.38 mm =+ 0.70 mm obtained for the time
interval 2004 to 2016 [30].

3. Results

The dependence between IWV and surface air temperature is related to the Clausius-
Clapeyron equation and can be roughly explained by “warm air can hold more water
vapour than cold air”. Figure 1 shows the distribution of INV and surface air temperature
values from ERA5 between 2009 and 2021. For climate science, the study of extreme values
is of special interest. Minimal values of IWV (red and green stars with IWV <2 mm) occur at
low temperatures while maximal values (IWV > 40 mm, blue stars) are at high temperatures.
However, the maximal IWV values do not occur at temperatures greater than 30 °C. Thus,
the statement “warm air can hold more water vapour” is not completely realized in Bern.
There must be other processes such as transport and convection which contribute to IWV as
well. Similarly, the minimal IWV values in Figure 1 are not restricted to the lowest surface
air temperatures. This indicates that not only cold surface air is important to achieve an
IWV minimum. We quantify later that the state of the mid troposphere is also important
for the IWV value.

The extreme values are just a fraction of 0.1% of the data pairs. Generally, the INV
values of ERA5 are not smaller than 1.5 mm for the time from 2009 to 2021.
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Figure 1. 2D Histogram of IWV and T (temperature at 2 m) for ERA5 data in Bern between January
2009 and December 2021. Extreme values for IWV > 40 mm or IWV < 2 mm are denoted by blue and
red stars, respectively. The selected dry event of 13 February 2021 is shown by green stars.

It is beyond the scope of this communication article to analyse all extreme cases. In
the following, we focus on the dry event of February 2021 which is denoted by green
stars in Figure 1, and we confirm the ERA5 data of this IWV depression in Bern by using
our own IWYV values observed by the TROWARA radiometer in Bern. The study analy-
ses the IWV observations of the TROWARA radiometer in Bern in February 2021. The
time interval has been selected by considering the TROWARA measurements since 2004.
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Since 2004, there are occasionally depressions in IWV lasting about one day and mostly
in the winter season. IWV then reaches small values of 2 or 3 mm. On 13-14 February
2021, minimal values of IWV less than 2 mm and down to 0.83 mm have been reached
as Figure 2 shows for TROWARA in blue. The mean value of IWV is about 1.5 mm (for
13 February 2021, 8:30 UT-14 February 2021, 10:30 UT). The IWV curve of ERA5 (red)
nicely agrees with TROWARA, but the mean IWV is about 2.2 mm (for 13 February 2021,
8:30 UT-14 February 2021, 10:30 UT). The mean value of IWV of TROWARA is 9.88 mm in
the whole month of February 2021, and the standard deviation is 4.32 mm. The measure-
ment noise of TROWARA can be estimated by looking at the high frequency fluctuations of
IWYV during the period of IWV depression when a cloudless sky was present. The noise
amplitude of TROWARA'’s IWV is about £0.2 mm. ERA5 gives a mean IWV value of 9.93
and a standard deviation of 4.06 mm in February 2021. Here, we selected the period of
February 2021 for a detailed study about the characteristics and the reasons for the observed
depression in IWV.

25 T
——— TROWARA
——— ERA5
20 .
15 -
£ )
>
S
10+ -
5 ]
0 ] |
02/01 02/13 0215 03/01

2021

Figure 2. IWV above Bern during February 2021 as observed by TROWARA (blue) and estimated by
ERAS (red). The horizontal black line is for INV = 2 mm.

Since the altitude of the lowest model level of ERA5 is 131 meters above the altitude
of Bern (575 m.a.s.l.), the ERA5 IWV values shown in Figure 2 were previously corrected as
described by [3]

AIWV = 4 x 1074 X IWV x (hmodel orography — hsurface) (5)

where the altitude values are in meters.

Since ERA5 and TROWARA agree well in Figure 2, we use ERA5 for a description
of the atmospheric profiles of humidity and other parameters. We start with partial IWV
where we partially integrate the water vapour density profile over altitude intervals of
100 m. Figure 3 shows partial IWV estimated by ERAS for the time of the IWV depression
February 2021, 8:30 UT-14 February 2021, 10:30 UT) in red and the mean profile of partial
IWYV for the complete February 2021 in blue. The mid troposphere from 2000 to 5000 m
contributes in the blue curve 42% of the total IWV where total IWV is 9.9 mm in February
2021. The altitude range below 2000 m contributes 50% of the total IWV. During the dry
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event, the mid troposphere contributes 15% of the total IWV where total IWV is 2.2 mm for
the red curve. The major part of IWV during the dry event originates from the altitudes
below 2000 m above sea level, and it amounts to 72% of the total IWV. The decrease of
partial IWV in the middle and lower troposphere is essential to explain the IWV minimum.

10000 1 I I I .
— February 2021
9000 — Feb-13 08:30-Feb-14 10:30+
8000

7000

6000

5000

Altitude (m)

4000

3000

2000

1000

1

0 1 1 1 1 1 1
0 0.05 01 015 02 025 03 035 04 045

Partial IWV (mm) with dz=100 m

Figure 3. Partial IWV, which is partially integrated over altitude intervals of 100 m. The red
profiles are for the short time period when the IWV depression occurred (for 13 February 2021,
8:30 UT-14 February 2021, 10:30 UT). The blue profile is for the average of the complete February 2021.

Now, the behaviour of other atmospheric parameters is investigated by means of
atmospheric profiles from ERA5. Figure 4 shows the mean profiles of the whole month of
February 2021 in blue and the mean profiles during the time of IWV depression (13 February
2021, 8:30 UT-14 February 2021, 10:30 UT) in red. It is most remarkable that, during the INV
depression, the specific humidity g is reduced by 50% to 97% compared to the complete
month (blue line). The severe decrease of q occurs from the surface to the 450 hPa pressure
level. The relative humidity RH is decreased between 400 and 900 hPa (red line). A
minimum of 2.5% is reached for RH at 650 hPa.

The blue and the red line of the ozone mass mixing ratio are close together in Figure 4,
so that a stratospheric intrusion of dry, ozone-rich air during the IWV depression can be
excluded. The surface air temperature is during the IWV depression at 268.7 K, which is
about 13 degrees lower than the monthly average. The Swiss monthly weather summary
reported a cold wave with northeasterly wind (bise) during the time of IWV depression
in Bern [31]. Coincident cold waves occurred in Greece [16] and North America [17]
with serious damage. MeteoSwiss analysed that a high pressure system over Scandinavia
brought cold air from the northeast to Switzerland in the days between the 10th and 15th of
February 2021 [32]. This cold wave episode was embedded into a relative warm February
for Switzerland. Figure 5 shows the weather situation in Europe on 13 February 2021,
20:00 UTC when minimal IWV was observed over Bern. A clear sky was over Central
Europe, e.g., Switzerland and Germany). The small ILW values observed by TROWARA
also indicate a cloudless sky over Bern when IWV was minimal. The weather in Bern was
dominated by cold and dry air from the northeast.

Coming back to Figure 4, the relative humidity RH at the surface is not decreased
during the IWV depression in Bern. Since RH is the quotient of water vapour pressure and
saturation vapour pressure, counter and denominator decreased in a similar way. Indeed,
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the saturation vapour pressure decreased because of the decrease of surface air temperature,
and the water vapour pressure decreased because of the decrease of specific humidity so
that RH remained quite constant at around 75% in the lower troposphere. Strong southward
wind occurred between 200 and 700 hPa during the time of IWV depression (the red line
of meridional wind v in Figure 4). The vertical wind w shows no remarkable change in
Figure 4).

In order to have an impression about the scale size of the IWV depression in Bern, we
look at the global fields of relative humidity, specific humidity, and vertical wind at 650 hPa
as estimated by ERA5 in Figure 6 for 13 February 2021 20:00 UT. The location of Bern is
indicated by the black X. All parameters show mesoscale variations, and Bern is inside a
dry region with descending winds (positive values are downward).

200 : 200
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Figure 4. ERAS5 profiles for specific humidity g, relative humidity RH, ozone mass mixing ratio O3,
temperature T, meridional wind v (positive values = northward) and vertical wind w (positive values
= downward). The red profiles are for the short time period when the IWV depression occurred (for
13 February 2021, 8:30 UT-14 February 2021, 10:30 UT). The blue profiles are for the averages of the
complete February 2021.
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Figure 5. Infrared (10.8 um) satellite image from SAT24-EISQ51 over Europe on 13 February 20 UTC
showing a clear sky over Switzerland and Germany.
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Figure 6. ERA5 global distribution of relative humidity, specific humidity, and vertical wind at
650 hPa on 13 February 2021 20:00 UT. The black X indicates the location of Bern.

Finally, we computed the back trajectories of the air masses which arrived in Bern
during the time of IWV depression (13 February 2021, 20:00 UT). The NOAA HYSPLIT
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model webpage generated Figure 7. The air masses came to Bern on descending pathways
from Northern Europe. The HYSPLIT trajectory model is described by [33]. The archived
meteorological parameters for the back trajectory analysis are provided by the Global Data
Assimilation System (GDAS) of the National Centers for Environmental Prediction (NCEP),
The 3 hourly GDAS data have a resolution of 1 degree in latitude and longitude.

NOAA HYSPLIT MODEL
Backward trajectories ending at 2000 UTC 13 Feb 21
GDAS Meteorological Data

Source » at 46.95N 7.44E

Meters AGL

18 12 06 00 18 12 06 00 18 12 06 00
02/13 02/12 02/11

Job ID: 187827 Job Start: Fri Dec 9 12:53:34 UTC 2022
Source 1 lat.: 46.950000 lon.: 7.440000 hgts: 200, 1500, 3000 m AGL

Trajectory Direction: Backward  Duration: 72 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 8 Feb 2021 - GDAS1

Figure 7. Three day back trajectories of air masses which arrived on 13 February 2021 20:00 UT in
Bern. The computation and the plot are provided by the NOAA HYSPLIT webpage [34].

4. Discussion

The outgoing point of this study was the long-term time series of IWV, which is
measured by TROWARA in Bern. Since 2004, we noticed that IWV has sometimes during
winter depression minimal values of 2-3 mm or even less. Analysis of the surface air
temperature and IWV of ERA5 from 2009 to 2021 resulted in the extreme values having
IWV >40 mm or IWV <2 mm being only a fraction of 0.1% of the data. Generally, the
assumption “warm air can hold more water vapour” is only partly fulfilled in Bern. For
example, IWV minima occur not only at the lowest temperatures, and IWV maxima are
observed below 30 °C. Thus, the Clausius—Clapeyron equation cannot fully explain the
dependence of the extreme IWV values on temperature.
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We focused later on one dry event in February 2021 in the ERA5 dataset, which was
confirmed by the TROWARA radiometer in Bern. The strongest and clearest IWV minimum
(IWV = 1.5 &+ 0.2 mm) was recorded by TROWARA on 13-14 February 2021, while ERA5
had a slightly higher value of 2.2 + 0.4 mm. According to ERA5, the INV minimum is
associated with a strong decrease of specific humidity between the surface and 450 hPa.
In the literature, dry air layers at mid latitudes can be due to intrusions of dry, ozone-rich
air from the stratosphere. This explanation is not supported by the ozone profile of ERA5,
which remained unchanged during the time of the IWV depression. The meridional wind
was increased in the southward direction during the IWV depression, while the vertical
wind did not show a remarkable change.

The surface temperature was decreased by 13 degrees Kelvin during the IWV depres-
sion compared to the mean value of February 2021. The Swiss weather report described
this event as a short-term cold wave of several days with a northeasterly wind (bise). A
high pressure system over Scandinavia brought the cold air to Central Europe. The infrared
satellite image during the IWV depression showed a cloudless sky over Switzerland and
Germany. It is very remarkable that, at the same time, severe cold waves in Greece and
North America occurred [16,17]. Thus, the meandering of the jet stream and the breaking of
a Rossby wave might have caused the transport of extremely dry air masses to Switzerland.
Such an explanation is a bit similar to the explanation of dry air layers in the tropical
mid-troposphere [13-15]. Here, the air masses are descending from upper altitudes which
are drier than the mid-troposphere.

On a global view, ERA5 shows that the IWV depression in Bern is a mesoscale variation
of a dry anomaly with a downward velocity. Three day back trajectories give the result
that the air masses were descending, and they came from Northern Europe to Bern, where
they realized the observation of an extremely dry air column above Bern. Thus, the INV
depression in Bern was not caused by incidence but by a disturbed jet stream which enabled
the transport of dry air from upper altitudes into the lower troposphere above Bern. It is
surprising that an IWV value of only 1.5 mm is possible at mid latitudes for a short time in
late winter.

In summary, the small INV value on 13-14 February 2021 is produced by a cold wave
in the lower troposphere (“cold air can hold less water vapour than warm air”) and the
descending dry air masses from the dry mid-troposphere over Scandinavia. Since the
mid troposphere (z = 2000-5000 km) contributes about 42% of IWV in February 2021, it is
also important that the mid tropospheric humidity strongly decreases during a dry event.
Our case study showed a common situation: Swiss cold waves are often associated with
cold and dry air from the north or the northeast, which is delivered by high pressure
systems over Scandinavia or Russia in winter. In addition, high pressure systems are often
associated with a subsidence of dry air from the mid troposphere to the lower troposphere.
The intense cold wave of February 2012 with cold and dry, continental air from Siberia
is another example where IWV reached a minimum of 1.6 mm in Bern. Our short study
showed that further research on the variability of tropospheric humidity at mid latitudes
is interesting, especially the understanding of the meteorological situations that lead to
extreme values of IWV.
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