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ABSTRACT
Just like a river or a glacier, the Swiss atmospheric water system has a “mass balance” - what comes in
must equal what goes out, with storage in-between. The objective of this project was, therefore, to
quantify the mass balance (or flux) of atmospheric water (mostly consisting of water vapour) over
Switzerland using a combination of ECMWF analysis data and MeteoSwiss rainfall observations (both
rain gauge observations and precipitation radar). For this study, the Swiss atmosphere was considered
to be a three-dimensional box, occupying the area from 46.0 to 48.0° N, 6.0 to 10.5° E, with fifteen
atmospheric levels up to 150 hPa in height.
The results confirm that the water vapour flux through Switzerland is highly temporally variable,
ranging from 1 to 5 X 107 kg/sec during quiet spells of weather, but increasing in size by a factor of ten
or more during high speed currents of water vapour, known as “warm air conveyer belts“ or
“atmospheric rivers“. Overall, the water vapour flux into Switzerland (Wvin) is generally greater than
the flux out (Wvout). However, the difference is only a small fraction (1% to 5%) of the total water
vapour flux. This suggests that Switzerland's atmosphere “imports“ more water than it “exports“, but
the amount gained at the surface through precipitation remains only a small fraction of the total
available water vapour passing by. Another important finding is that high inward water vapour fluxes
(Wvin) are not necessarily linked to high precipitation episodes; a precipitation mechanism is also
needed.
A special case study of the water vapour flux during the August 2005 floods, which devastated large
parts of Central Switzerland, is examined. There is a noticeable shortfall (~25%) in water vapour exiting
Switzerland compared to that incoming, suggesting about a quarter of the incoming water vapour got
precipitated during the flood event (assuming zero evaporation at that time). During the same event, the
water vapour mass balance (WVin – WVout) shows a better qualitative agreement with the mean ANETZ
rain gauge observations, than with the MeteoSwiss radar precipitation product. This should not be
surprising given the limitations of using radar in a mountainous country, but it may also suggest that the
radar product is underestimating precipitation in the mountains.
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CHAPTER 1: INTRODUCTION AND THEORY
The objective of this project was to quantify the flux (or “mass balance”) of atmospheric water (liquid
water and water vapour) over Switzerland using a combination of European Centre for Medium Range
Weather Forecasting (ECMWF) analyses and MeteoSwiss rainfall observations (both ANETZ rain
gauge observations and precipitation radar values). It is hoped that at a suitable time in the future,
ground-based observations using microwave radiometer data (e.g. TROWARA; Morland et al. [2009]),
GPS integrated water vapour (Morland and Matzler, [2007], Graham and Koffi, [2008]), or
EUMETSAT satellite data might be used to supplement this work.

1.1. The mass balance of the Swiss atmospheric water system
Like a river or a glacier, the “mass balance“ of the Swiss atmospheric water system can be described, at
any moment in time, by means of the equation:
AW in= AW out

(Equation 1)

where AW is simply the atmospheric water (liquid water and water vapour) passing into, or out
of, pre-defined boundaries of Switzerland. If the two sides of the above equation do not balance, then
some of the water must be, (i) put into storage (i.e. loss by precipitation), or (ii) taken from storage (i.e.
gain by evaporation). One must consider water vapour in gas form, as well as liquid or solid water (ice)
in the form of suspended precipitation or cloud droplets moving across the borders into, or out of,
Switzerland at a particular time in question. Taking these factors into account, the mass balance
equation (Equation 1) therefore now becomes, for the whole depth of the atmosphere:
Wvin + E + Lwin = Wvout + P + Lwout

(Equation 2)

where Wv is the atmospheric water vapour, E is gain by evaporation, P is loss through
precipitation, and Lw is liquid water (cloud droplets and precipitation, including ice), and subscripts in
and out refer to the respective flux into (in) or out of (out) Switzerland. This equation (Equation 2) of
the mass balance of atmospheric water was assumed in this study. Equation 2 can also be described by
means of a three-dimensional diagram (Figures 1.1 and 1.2), which considers Switzerland (and the
5

atmosphere directly above her) as a six-sided box, with a flux of atmospheric water in and out of each
vertical side of the box (as indicated by the blue and red arrows, respectively).
In order to define the Switzerland “box“ as shown in Figures 1.1 and 1.2, we assume that there are no
fluxes in or out of the horizontal top of the box (equivalent to escape or arrival from “space“ or the
stratosphere). There are, however, important fluxes between the bottom floor of the box and the
atmosphere above it, namely precipitation and evaporation (these are indicated by the dotted cyan
circle on the floor of the box in Figure 1.1).
It is noted that the Lwin and Lwout fluxes are composed of both an airborne precipitation component and
a cloud water component. Whilst the precipitation component can be partially estimated through the
use of precipitation radar, it would be extremely difficult to measure accurately the whole cloud water
flux entering or leaving Switzerland at the same time (however, a microwave radar might provide pointposition observations, which could be extrapolated to 2-dimensions). Usually, however, cloud droplet
water (and ice) accounts for only a small percentage of the total atmospheric water vapour at any one
time. They can be expected to be higher at times of high water vapour flux (“atmospheric rivers“; see
Neiman et al. [2006]), but will remain only a small percentage at times of clear skies or settled
conditions (the most common weather conditions in Switzerland).
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CHAPTER 2: METHODOLOGY
Absolute humidity and wind vector data from the ECMWF operational analysis model at a horizontal
resolution of 0.5 degree (latitude / longitude) were retrieved at six-hourly resolution for selected months
of 2005 and 2006, for the area encompassing latitudes 46.0 to 48.0 deg N and longitudes 6.0 to 10.5 deg
E. Data was retrieved from 15 vertical levels of the ECMWF model, with the top level at 150 hPa. The
bottom level was set to the model’s orography (shown in Figure 2.1). The corners of the Switzerland
(CH) “box” were defined as follows:
(i) North-west corner: 48.0°N, 6.0°E
(ii) North-east corner: 48.0°N, 10.5°E
(iii) South-east corner: 46.0°N, 10.5°E
(iv) South-west corner: 46.0°N, 6.0°E
Using the ECMWF data, the fluxes of Wvin and Wvout for each vertical side of the CH “box“ in
Equation 2 were calculated for successive six-hourly periods by calculating the product of the absolute
humidity (kg/m3) times the windspeed for each grid square, and integrating over the horizontal and
vertical dimensions of the box side. Thus, referring again to Figure 1.2, the Wvin and Wvout fluxes
correspond to the following numbered “sides“ of the CH box:
Wvin = 1 – 2 +3 -4
Wvout = -1 +2 -3 +4
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Mathematically, these can be expressed as follows:

Flux at 1 and 2 :   Udydz
z y

Equation 3

Flux at 3 and 4 :   Vdxdz
z x

where U and V are the West-East (positive) and South-North (negative) wind components
respectively, and  is the absolute humidity (kg/m3), and x, y and z represent the eastward, northward
and vertical direction, respectively. Thus for example, the water vapour flux through side 1 of the CH
box is the integral (in y and z directions) of the product of the windspeed and absolute humidity of each
grid square.
The remaining parts of the Equation 2, namely E (evaporation), Lwin (cloud liquid water in), P
(precipitation) and Lwout (cloud liquid water out) can now be estimated or measured by other means
e.g. radar, ANETZ precipitation data. In the case of very heavy rainfall and low air temperatures (such
as during the August 2005 flood event), E (evaporation) can be considered to be minimal or close to
zero. Normally Lwin and Lwout typically only amount to only a few percentage or less of Wvin or Wvout,
and therefore can be ignored for the basis of this study, although we still tried to determine these for
one event (see Chapter 4). However, any future studies might want to include routine estimations or
observations of these, using equipment such as Institute of Applied Physics‘ TROWARA microwave
radiometer (Morland et al. [2009]). It will be shown in this study that P can be fairly reliably estimated
from the Wvin or Wvout fluxes calculated using the ECMWF model alone, and that, perhaps surprisingly,
estimations of P agree better with MeteoSwiss ANETZ ground observations than with the MeteoSwiss
operational radar product (see Chapter 4).
Equations 2 and 3 were tested and calculated using a range of purpose-written Matlab programs and
routines, in conjunction with ECMWF model, ANETZ raingauge and MeteoSwiss rainfall radar data.
Of particular interest was whether Equation 2 could be made to balance, and whether the estimated
precipitation part on the right side of Equation 2 (i.e. water lost) equalled that measured in the ANETZ
raingauges, or estimations by the MeteoSwiss rainfall radar. Fortunately, the MeteoSwiss precipitation
8

radar dataset was made publicly available for the period 18-23 August 2005, the time of great floods in
Switzerland. We examined this dataset in detail.
Finally, given the six-hourly time resolution, the ability of the ECMWF model to capture transient
water vapour features can be estimated, by considering a moderate mid-tropospheric wind of say,
20m/sec (72 km/hr). In this way, a transient water vapour feature traversing Switzerland (200km wide)
in an orthogonal direction would spend only 3 hours in the skies above the country, before moving out
of the country again. Therefore, it is concluded that full mesoscale features of atmospheric water
(“peaks“) cannot be captured by the ECMWF model data in this study, but averaging over long time
periods should minimise this effect.
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CHAPTER 3: RESULTS AND DISCUSSION
This chapter presents a selection of results of applying the theory and methodology outlined in
chapters 1 and 2 to determine the water vapour flux through Switzerland, for the month of August 2005
and also the complete year of 2006. The results are then discussed in detail with regard to the prevailing
meteorological conditions of the time in question. After this, the following chapter (Chapter 4) takes a
closer look at the infamous Swiss flood episode of 18-23 August 2005.

3.1 Introductory results and features
Figure 3.1 shows the ECMWF model water vapour flux (kg/sec through each gridbox) at 12 UTC on 1
August 2005 passing through each side of the Swiss box, with height (metres) plotted on the Y-axis;
(Top left: west border at 6° longitude east; Top right: east border at 10.5° east; Bottom left: south
border at 46° latitude north; Bottom right: north border at 48° north). The coloured bars in each plot
represent the ECMWF model topography, which is of course a very coarse approximation, as already
shown in Figure 2.1. Negative values of water vapour flux mean that water vapour is leaving the CH
region, while positive values show that water vapour is entering. This image is coincident in time and
space with the ECMWF wind vector information shown in Figure 3.2. Note the reasonably high water
vapour fluxes of 200,000 to 800,000 kg/sec (through each vertical gridbox) between 6 and 10km in
height (in the top left / west border image), despite there being considerably less water vapour normally
at these heights compared to the near-surface. This is because there is a strong north-west wind at these
altitudes, continuously advecting in water vapour at a rapid rate (see Figure 3.2).
Figure 3.3 shows the same diagram as Figure 3.1, but for 2 August 2005 at 12UTC. Note the strong
positive water vapour values of greater than 3,000,000 kg/sec (through each gridbox) around 2-6km in
height, centred at 9.5° East in the bottom left sub-plot (south CH border at 46.0° latitude north) and
the corresponding strong negative values of -2,500,000 kg/sec (through each gridbox) at the same
height/longitude in the bottom right plot (north CH border at 48°). These indicate the occurrence of a
narrow mid-tropospheric water vapour “jet“, or “atmospheric river“, commonly seen on Meteosat
water vapour imagery, also known as a “warm air conveyer belt“. These occur on the eastward side of
10

a Rossby wave trough, and ahead of the advancing cold front of a mid-latitude weather system.

3.2 : The Swiss Water Vapour Flux for the Year 2006
Plots of the water vapour flux over Switzerland for each six-hourly period for the whole year of 2006
are presented in Figures 3.4.1 to 3.4.7 (two months per each figure, whole year in Figure 3.4.7). The
water vapour flux into Switzerland (Wvin) is plotted as a black line, whilst the water vapour flux out of
Switzerland (Wvout) is plotted as a dark blue dashed line. The difference between the two WVin–WVout
(i.e. phase transfer, but mostly precipitation or evaporation) is plotted as the dashed red line. The
following features can be noticed almost immediately from these figures:
Wvin and Wvout are extremely temporally variable, typically ranging from 1 to 5 X 107 kg/sec during
quiet spells of weather, but rising abruptly to 10 or 15 X 107 kg/sec during short disturbed spells of
weather every few weeks, and as high as 25 X 107 kg/sec such as in early October 2006. This extreme
variation in values is to be expected, as the water vapour flux through Switzerland is most strongly
controlled by windspeed in the middle and upper troposphere. High speed currents of water vapour,
known as “warm air conveyer belts“ or “atmospheric rivers“ (Nieman et al. [2006]) are well known
features of the warm-frontal zones of Atlantic depressions, and pass by Switzerland fairly regularly.
Each peak in the Wvin curve represents a front, or a kind of atmospheric wave (e.g. a Rossby wave)
passing by Switzerland.
Wvin is generally greater than Wvout at most times, also shown by the fact that the difference between
the two (red line in Figure 3.4.1 to 3.4.7) lies generally above zero. However, the difference is only a
small fraction (1% to 5%) of the total Wvin. If our programs are realistic and the ECMWF model data
are to be believed, this means two things; (a) Switzerland “imports“ more atmospheric water than it
“exports“, but (b) the amount gained through precipitation remains only a small fraction of the total
available water vapour passing by. These findings should not be taken with great surprise, because
Switzerland is a mountainous country, and mountains can be very efficient at extracting water from
vapour, particularly in strong wind situations typical of atmospheric rivers (by orographic
enhancement of rainfall).
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An important finding is that high Wvin values are not necessarily linked to high precipitation episodes,
for example the very high values of 25 X 107 kg/sec in early October 2006 (Figure 3.4.5) were
coincident with very mild, moist south-westerly winds but little rainfall/snowfall. A precipitation
mechanism is also needed.
Negative Wvin–Wvout values (see red curve for whole year of 2006 in Figure 3.4.7) are most common, but
not always, during summer when evaporation is greatest (Switzerland is “exporting“ most water
vapour then). Precipitation mechanisms are largely controlled by convection at this time of year, of
which evaporation plays a key role.
In future studies, it would be worthwhile to examine the very detailed daily TROWARA microwave
record kept at the Institute of Applied Physics to examine the temporal characteristics of peaks and
troughs of the water vapour flux. The TROWARA data has very sensitive temporal resolution, which
is more than four magnitudes greater than the ECMWF data used in this study (two seconds compared
to six-hours). Daily hard copies of the TROWARA record, annotated with references to the daily
weather from Autumn 2006 to December 2007 by Edward Graham, are available as a resource at the
Institute of Applied Physics. Also available are webcam sky images for Bern, taken every 7 minutes for
the same period, revealing the cloud and weather conditions throughout this period.
The availability and use of wind profiler data would also be of an advantage in any future study. It
would also be interesting to relate the peaks of Wvin and Wvout to Meteosat Second Generation water
vapour imagery (e.g. 6.2 μm channel) and gauge the degree of correlation between them. Also Global
Positioning Satellite (GPS) integrated water vapour could be used as observations to independently
confirm the Wvin-Wvout balance (Morland and Matzler, [2007], Graham and Koffi, [2008]).
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CHAPTER 4: SPECIAL CASE STUDY OF AUGUST 2005 FLOODS
A special case study was conducted for the month of August 2005, focussing in particularly on the
days of 18-23 August, when a major flood episode affected Switzerland. To aid this part of the study,
precipitation radar data was obtained freely from MeteoSwiss, together with MeteoSwiss ANETZ
raingauge data from the University of Bern Institute of Applied Physics mysql server.
Figure 4.1 presents a similar graphic as Figure 3.4.1 to 3.4.7, but for the month of August 2005 alone.
The total ECMWF water vapour fluxes (kg/sec) for Switzerland for the complete month are shown i.e.
inward flux (Wvin), outgoing flux (Wvout), and the difference between the two (Wvin-Wvout). When the
difference exceeds zero, Switzerland may be gaining water through precipitation, and when the
difference is less than zero, it means evaporation of water is probably dominant. The major flood
episode can be seen from 18-23 August 2005, two-thirds the way along the graph; there is a noticeable
shortfall (~25%) in water vapour exiting Switzerland compared to that incoming, suggesting about a
quarter of the incoming water vapour got precipitated during the flood event (assuming zero
evaporation at that time).
Meanwhile, Figure 4.2 (top) presents a zoom into the same results for the period of 18 to 24 August
2005 only, but is superimposed upon the MeteoSwiss radar total instantaneous rainfall (kg/sec) for
each hourly interval (black bar graph), showing a reasonably good correspondence between the two
independent datasets. In ideal circumstances, the modelled Wvin-Wvout (red dashed line with pluses)
should be equal to, or at least be of the same shape, as the MeteoSwiss radar bar graph (black bar
columns). However, there are a myriad of reasons why this may not be exactly the case – including (i)
the conversion of excess water vapour into precipitation (“precipitation efficiency“) may not be
constant in space and time, or (ii) evaporation was not zero during the event, and (iii) numerous
inaccuracies due to the broad generalisations of our study (e.g. Switzerland as a “box“). But the fact
that the MeteoSwiss radar precipitation values correspond fairly closely to Wvin-Wvout is reassuring,
however.
Furthermore, Figure 4.2 (bottom) presents Wvin-Wvout (red dashed curve with pluses) for the same
13

period, but compared to the MeteoSwiss ANETZ 10-minute ground raingauge observations (calculated
as the mean ANETZ rainfall rate of all stations multiplied by the same area of the CH „box “used to
compute the Wvin and Wvout fluxes). These show even better agreement overall with Wvin-Wvout,
compared to the radar precipitation product. Indeed, the ANETZ curve almost mirrors the Wvin-Wvout
at times, especially during the flooding rains of 21-23 August. The high frequency fluctuations in the
ANETZ data late on 21st August are thought to be due to convective storms forming and decaying
within the CH boundaries, and thus do not appear on the Wvin-Wvout trace (a whole hydrological cycle
is contained within the CH box!). Meanwhile, the fluctuations on the 20th August are thought to be due
to water entering Switzerland from the south as airborne precipitation (Figure 4.3).
The fact that there is reasonably good correlation between Wvin-Wvout and the radar (observed and
manipulated data), and even better correlation between Wvin-Wvout and the ANETZ raingauge
information (observed data only) give us confidence that our method of determining the water vapour
fluxes of Switzerland is robust and could be applied to other case studies. The poorer agreement with
the radar product might indicate that the radar precipitation algorithm for Switzerland still needs
refining – although no doubt this would be extremely difficult in such a mountainous country (the state
of the MeteoSwiss radar product around the time of 2005 floods has been documented in detail by
Germann et al. [2007]).
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CHAPTER 5: FINAL THOUGHTS: A LAKE GENEVA RIDDLE
When undertaking the current research, a thought came to our minds regarding the volume of Lake
Geneva, and how much water it contains. It transpires that Lake Geneva has a volume of 89 km
(Wikipedia, 2007), so if this water was spread entirely evenly over the complete surface area of
Switzerland (41,290 km, assuming a flat surface), the depth of water would be 2.155 metres, which is
equivalent to 2,155 mm of integrated water vapour (IWV) in atmospheric terms. The question therefore
raised, is, how often does 2,155 mm of IWV pass-by above Switzerland ? Or in other words, in how
many days does the complete volume of Lake Geneva pass through the atmosphere in Switzerland?
Answer (a): 89 km of water is equivalent to 8.9 X 10 kg of water. Glancing at Figures 3.4.1 to 3.4.7,
we can see that, on average, about 5 X 107 kg of water pass through the Switzerland box per second.
That makes about 4.3 X 1012 kg per day. Dividing this into the weight of Lake Geneva ( 8.9 X 10 kg)
gives a result of about 21 days. So every 3 weeks, the mass of Lake Geneva passes by above our heads,
and we don't even notice!
Answer (b): We can re-define the question in terms of “How much water passes directly above our
heads, above each m?“. We just divide by the number of metres through the flux is passing. If we
assume all the water arrives orthogonally (on a westerly wind) through the western boundary of the CH
box (278km, or 278,000 metres), and the plan area of a human head and body is 1 m2, then 4.3 X 1012
kg per day / 278,000 = 1.55 X 107 kg per day per metre. Then, 8.9 X 1013kg / 2 X 107kg per day per
metre means it takes 5.75 X 106 days (or 15,700 years) for the volume of Lake Geneva to pass directly
above each one of our heads!
N.B. It can be further noted that it takes more than one year of all the precipitation over Switzerland to
replace the water of the lake, where the mean annual precipitation of Switzerland is of the order of 1.5
to 2 metres.
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CONCLUSIONS
•

The water vapour flux through Switzerland is highly temporally variable, ranging from 1 to 5 X

107 kg/sec during quiet spells of weather, but increasing in size by a factor of 10 or more during high
speed currents of water vapour, known as “warm air conveyer belts“ or “atmospheric rivers“.
•

The water vapour flux into Switzerland (Wvin) is generally greater than the flux out (Wvout).

However, the difference is mostly a small fraction (1% to 5%) of the total water vapour flux. This
indicates that Switzerland “imports“ more atmospheric water than it “exports“, but the amount gained
at the surface through precipitation remains a small fraction of the total available water vapour passing
by.
•

An important finding is that high inward water vapour fluxes (Wvin) are not necessarily linked to

high precipitation episodes; a precipitation mechanism is also needed.
•

But the converse of the above statement is probably true for frontal situations (high

precipitation episodes need a high water vapour flux), but not for individual convective storms.
•

During the famous Swiss floods of August 2005, there is a noticeable shortfall (~25%) in water

vapour exiting Switzerland compared to that incoming, suggesting about a quarter of the incoming water
vapour got precipitated during the flood event (assuming zero evaporation at that time) – an efficiency
that is comparable to Atlantic hurricanes.
•

The water vapour mass balance (WVin – WVout) shows a better qualitative agreement with the

mean ANETZ rain gauge observations, than with the MeteoSwiss rain radar product. This should not
be surprising given the limitations of using radar in a mountainous country. It may also suggest that the
radar product is underestimating precipitation in the mountains.
•

On average, the mass of Lake Geneva (9x1013 kg) passes through the atmosphere of Switzerland

approximately once every three weeks.
•

Future work on temporal and spatial aspects of Swiss water vapour flux might find it
16

advantageous to examine the very sensitive TROWARA microwave record, Meteosat Second
Generation water vapour imagery (e.g. 6.2 μm channel), as well as any available wind profiler data.
•

Global Positioning Satellite (GPS) integrated water vapour data could be used as observations to

independently confirm the Wvin-Wvout balance.
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Figure 1.1: A schematic diagram, depicting Switzerland (and the atmosphere directly above her) as a
three-dimensional box, with fluxes of atmospheric water (combined liquid and vapour) into and out of
each side of the box indicated by the blue (into) and red (out of) arrows. The cyan dashes on the floor of
the box indicates the evaporation and precipitation fluxes between the ground and the atmosphere above
it. It is assumed that there are no fluxes either out of, or into, the top (ceiling) of the box i.e. no escape to,
or re-entry from the stratosphere.
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Figure 1.2: Plan view of Figure 1.1, showing the four sides of the “Swiss“ (CH) box, numbered
accordingly. Blue arrows represent inward fluxes into CH, red arrows outward fluxes.
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Figure 2.1: ECMWF model topography (metres) for each side of the Swiss box; a): west border at 6°
longitude east; b): east border at 10.5° east; c): south border at 46° latitude north; d): north border at
48° north.
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Figure 3.1: ECMWF model water vapour flux (kg/sec per gridbox) at 12 UTC on 1 August 2005
passing through each side of the Swiss box, with height (metres) plotted on the Y-axis; a): west border at
6° longitude east; b): east border at 10.5° east; c): south border at 46° latitude north; d): north border
at 48° north. The coloured bars in each plot represent the ECMWF model topography, as already
shown in Figure 2.1. Negative values of water vapour flux mean that water vapour is leaving the CH
region. This image is coincident in time and space with the ECMWF wind vector information shown in
Figure 3.2: note the reasonably high water vapour fluxes of between +200,000 and +800,000 kg/sec per
gridbox between 6 and 10km in height (in the top left / west border image), despite there being
considerably less water vapour normally at these heights compared to the near-surface. This is because
there is a strong north-west wind at these altitudes, continuously advecting in water vapour (see Figure
3.2).
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Figure 3.2: ECMWF model winds at 12 UTC on 1 August 2005 passing through each side of the Swiss
box; a): west border at 6° longitude east; b): east border at 10.5° east; c): south border at 46° latitude
north; d): north border at 48° north. This image is coincident in time and space with the ECMWF water
vapour flux information shown in Figure 3.1.
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Figure 3.3: ECMWF model water vapour flux (kg/sec per gridbox) at 12 UTC on 2 August 2005
passing through each side of the Swiss box, with height (metres) plotted on the Y-axis; a): west border at
6° longitude east; b): east border at 10.5° east; c): south border at 46° latitude north; d): north border
at 48° north.The coloured bars in each plot represent the ECMWF model topography, as already shown
in Figure 2.1. Negative values of water vapour flux mean that water vapour is leaving the CH region.
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Figure 3.4.1: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of January and
February 2006.
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Figure 3.4.2: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of March and
April 2006.
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Figure 3.4.3: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of May and June
2006.
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Figure 3.4.4: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of July and
August 2006.
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Figure 3.4.5: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of September and
October 2006.
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Figure 3.4.6: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of November and
December 2006.
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Figure 3.4.7: ECMWF model flux of water vapour (kg/sec) into Switzerland (WVin, black line with open
circles), flux of water vapour out of Switzerland (WVout, light blue dashed line with solid circles), and
their difference WVin-WVout (red dashed line with crosses) for each six-hourly period of the whole year
of 2006.
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Lat=46 °N to 48 °N
Lon=6 °E to 10.5 °E

Figure 4.1: Case Study of the August 2005 floods: The total ECMWF water vapour fluxes (kg/sec) for
Switzerland for the complete month of August 2005, for inward flux (black solid line with open circles,
IWVin), outgoing flux (dashed blue line with solid diamonds, IWVout), difference between the two (red
dashed line with crosses, IWVin-IWVout). When the difference exceeds zero, Switzerland may be gaining
water through precipitation, and when the difference is less than zero, it means evaporation of water
may be dominant. The major flood episode can be seen from 21-23 August 2005, two-thirds the way
along the graph; there is a noticeable shortfall (~25%) in water vapour exiting Switzerland compared to
that incoming, suggesting about a quarter of the incoming water vapour actually got precipitated during
the flood event (assuming zero evaporation at the time).
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Figure 4.2: Case Study of the August 2005 floods:
(Top): Same as Figure 4.1, but for the period of 18 to 24 August 2005 only (duration of flood event),
showing total ECMWF water vapour fluxes (kg/sec) for Switzerland for inward flux (black solid line
with open circles, IWVin), outgoing flux (dashed blue line with solid diamonds, IWVout), difference
between the two (red dashed line with crosses, IWVin-IWVout). Throughout this period IWVin exceeds
IWVout indicating considerable loss of incoming water vapour through precipitation (about 25%). Also
shown is the MeteoSwiss radar total instantaneous rainfall (kg/sec) for each hourly interval (black bar
graph). In ideal circumstances, this should match the IWVin-IWVout (red) curve.

(Bottom): IWVin-IWVout for the same period, but compared to the MeteoSwiss ANETZ 10-minute
ground observations (calculated as the mean ANETZ rainfall rate of all stations X area of CH used to
compute the Wv fluxes). These show much better agreement overall, compared to the radar precipitation
product. The high frequency fluctuations in the ANETZ data late on are thought to be due to convective
storms forming and decaying within the CH boundaries, and thus do not appear on the IWVin-IWVout
record. The fluctuations on the 20th are thought to be due to water entering CH from the south as
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precipitation.

Figure 4.3: Case Study of the August 2005 floods:
(Top): Same as Figure 4.2 (top). (Middle): Same as Figure 5.2 (bottom), with annotation. (Bottom):
Mean observed 10-minute rainfall rate at all the MeteoSwiss ANETZ stations within ±0.2 °latitude of the
southern CH border for the same period 18 to 24 August 2005, indicating significant advection of
atmospheric water (in the form of precipitation) entering Switzerland from the south during the 20th
August 2005 (not reflected in the ECMWF model data, but somewhat apparent in the radar data).
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