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ABSTRACT

The Baltic Sea Experiment BALTEX is the European regional project of GEWEX. The aim of BALTEX
is to improve the knowledge of the water and energy cycle of the Baltic Sea including its catchment area
(the BALTEX area). In this study the NCEP/NCAR reanalysis data (Kalnay et al. Bull. Am. Meteorol.
Soc., 1996, 77,437-471) are used to derive the mean atmospheric water budget over the BALTEX area.
For this purpose the horizontal water vapour fluxes are calculated. In the long-term mean (here 1948 —
2000) the vertically integrated divergence of these fluxes must balance evaporation minus precipitation.
The latter two are provided by the NCEP/NCAR reanalyses. The water budget over the BALTEX area
is, however, not closed. An error estimation is performed. The divergence of the water vapour flux is
corrected due to the mass balance correction technique (Alestalo, Tellus, 1981, 33, 360-371). Large
differences are obtained between the precipitation given by the NCEP/NCAR reanalysis and by the
analysis of the observations by Rubel and Hantel (Meteorol. Atmos. Phys., 2001, 77, 155-166). With
these analysed precipitation data and the corrected divergence of the water vapour fluxes the imbalance

of the water vapour budget could be remarkably reduced.

1. Introduction

The main argument for implementing the Global
Energy and Water Cycle Experiment (GEWEX) of
the World Climate Research Programme was the state-
ment that the present knowledge of the freshwater and
energy budgets on a regional or even global scale is
far from adequate (WMO, 1990). The principal cause
of this ignorance is a lack of reasonable data to anal-
yse the necessary fields, e.g. distribution of humidity.
The spatial and temporal variability of humidity can
be very large, thus representative observations are rare.
The main experiments of GEWEX aim to understand
the global-scale water budget, and regional projects
have been implemented to study regional-scale bud-
gets. The Baltic Sea Experiment BALTEX (Raschke
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etal.,2001; BALTEX, 1995) is the European regional
experiment in the framework of GEWEX. Improve-
ment of the knowledge of the water and energy cy-
cles in the Baltic Sea catchment area is the goal of
this programme. Although observations in this region
are relatively dense, even here more data are needed,
to investigate the water cycle in detail. BRIDGE
(BALTEX, 1997) was implemented as a BALTEX
Main Experiment with the goal, to obtain better and
more comprehensive observations. All available data
should be used to analyse the regional budget. In
particular, an analysis of long-period data is needed
as a reference for the short-term observations during
BRIDGE.

The aim of this study is to derive the regional-scale
atmospheric water budget of the Baltic Sea and its
catchment area (the BALTEX area) on the basis of
the operational data of the NCEP/NCAR reanalysis
(Kalnay et al., 1996). Operational analysis has im-
proved significantly during the last 20 years, partic-
ularly with the outcome of the reanalysis projects. Mo
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and Higgins (1996) stated that the hydrologic cycle
revealed by operational analysis before 1980 was un-
realistic. And Rasmusson and Mo (1996) concluded
that prior to 1980, operational forecast and analysis
products provide a poor picture of the atmospheric
branch of the global hydrological cycle. Rasmusson
and Mo used a two-year analysis and found that for
regional water budgets, here over the United States,
major analysis problems arose which were mainly re-
lated to large-scale terrain features e.g. Rocky Moun-
tains. Mo and Higgins applied 9-year (March 1985-
November 1993) NCEP reanalysis data and compared
the budget results with those derived from the NASA
analysis. Large differences arose in the two regional
budgets. Thus, Mo and Higgins (1996) point to the 40-
year NCEP/NCAR reanalysis data which they classi-
fied to be likely a very important source of information
on the general feature of the hydrologic cycle.

Trenberth and Guillemot (1998) have used the
NCEP/NCAR reanalysis data to derive the global hy-
drological budget. Their results show that the budget
is not in balance over many mountain regions. Despite
of this fact we think that it is worthwhile to investigate
the atmosphere water budget over the BALTEX area
with these reanalysis data, because data density and
quality are high compared to earlier studies of this re-
gion (Simojoki, 1948; Brogmus, 1952; Palmen, 1963;
Speth and Skade, 1977; Alestalo, 1983).

To our knowledge there does not exist any recent
study of the atmospheric hydrological budget of the
BALTEX area based on observational data. Heise
(1996) and Karstens et al. (1996) have evaluated simu-
lations with their regional models. With the European
model of the German Weather Service, Heise (1996)
closed the hydrological budget with the convergence of
the horizontal water vapour flux as residuum. Karstens
etal. (1996) calculated all components from the results
of their regional model REMO and discussed daily re-
sults of one month (June 1993). In the frame of BAL-
TEX a number of studies were carried out to calculate
the hydrological budget at the surface of the Baltic Sea
(Omstedt et al., 1997; Omstedt and Rutgersson, 2000;
Omstedt et al., 2000; Lindau, 2002). They show that in
the long-term mean precipitation exceeds evaporation
of Baltic Sea. The focus of this study is, however, to
determine the divergence of the vertically integrated
horizontal water vapour fluxes over the BALTEX area
and compare it with the difference between evapora-
tion and precipitation. The long-term mean of the two
budget components should balance, assuming storage
is negligible.
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2. Data and methods

To study the atmospheric water budget of the BAL-
TEX area, the vertically integrated water budget com-
ponents have been computed and analysed together
with the budget equation. In these components we con-
sider only water in the gas phase because the terms of
the other two phases are negligible small compared
to those of the water vapour. The total water vapour
content W is determined by the vertically integrated
specific humidity ¢:

q— )]
Pu 8

where p is atmospheric pressure, the index s/u denotes
surface/upper level, and g is the gravitational force.
The vertically integrated instanteneous water vapour
flux Q is given by

Ps d
0= / qu, L @)
Pu g

with v, the horizontal wind velocity.
The temporal mean of the total flux Q is conven-
tionally divided into its mean and eddy part:

. Ps_dp Ps__ dp Ps dp
Q=/ qu,— =/ qvh—+/ q'vh—.
. 8 . 8 u g (3

total flux mean flux eddy flux

The overbar denotes the time average (here over 53 yr)
and the prime the anomaly (here 6-hourly values).
Since the reanalysis data are only available at cer-
tain pressure levels and values at 1000 hPa are always
given (partly as extrapolation), the vertical integration
is carried out between fixed levels (P, = 1000 hPa and
P, =300 hPa).

The water vapour balance equation is applied in the
vertically integrated form:

9
8—‘:/+V-Q:E—P. )

E is evaporation and P precipitaion.

The water vapour storage term oW /dt becomes
very small and can be neglected if the averaging period
is several years. Thus, the divergence of Q is in bal-

ance with the difference of evaporation E and precipi-
tation P. To derive the water vapour budget for a larger
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region eq. (4) has to be spatially averaged (Smirnov
and Moore, 1999).

aw

1
<W>+Z?§Q-ndy:(E—P). (5)

A denotes the area of the region, { ) the spatial mean
and n the outward unit vector normal to the lateral
boundary element y of the area A.

The NCEP/NCAR reanalysis data for the time pe-
riod 1948-2000 (Kalnay et al., 1996) are used to cal-
culate the budget terms. The 6-hourly wind compo-
nents u, v and specific humidity g are given at a
2.5° x 2.5° grid and eight vertical levels; precipita-
tion and evaporation are available as monthly means
at a Gaussian grid (about 1.875°lat x 1.9°long).

The output variables of the reanalysis are classi-
fied into four categories, depending on the influence
of the model. The wind components are type A vari-
ables (strongly influenced by the observed data); spe-
cific humidity g is a type B variable (observational
data affect ¢ but there is a strong influence of the
model), precipitation and evaporation as type C vari-
ables are solely derived from the model fields, no di-
rect observations are included (Kalnay et al., 1996).
Seasons are defined according to the general conven-
tion [spring: March, April, May (MAM); summer:
June, July, August (JJA); fall: September, October,
November (SON); winter: December, January,
February (DJF), whereby the given year corresponds
to the January of the winter season].

3. Water vapour content

The total amount of water vapour over the BALTEX
area is the first quantity to be discussed. Figure 1 shows
that the 53-yr mean of W is almost zonally distributed
with 16 kg m~2 in the south decreasing to 10 kg m—2
in the north-west area. The spatial average over the
BALTEX area is 13.7 kg m~2. There exists a slight
excess of W over the Baltic Sea compared to the adja-
cent land areas. The seasonal variability of W is large.
In winter, the mean value for the BALTEX area is
7.6 kg m~2, i.e. only about one third of the mean sum-
mer value (21.1 kg m~2). The summer—winter differ-
ence increases from west (10-12 kg m™2) to east (14—
16 kg m~2). The large differences in the east are caused
by the large summer values due to the continentality.
The interannual variability of the total water vapour
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Fig. 1. Annual mean of the water vapour content (kg m~2)
over the BALTEX area. Data: NCEP/NCAR Reanalysis
1948-2000 (full thick line = boundary of the BALTEX
area).

content over the BALTEX area is quite large (Fig. 2).
A decreasing trend is observed in these time series. In
particular, the annual means before 1960 show high
values. The trend is mainly the result of the large an-
nual means of the years before 1960. Thus, we assume
that Fig. 2 shows a spurious trend produced by the
change of the radiosonde network at the end of the
1950s (Kistler et al., 2001). All three curves in Fig. 2
show large interannual variability. However, only the
summer values are high correlated with the annual val-
ues (0.81), whereas the correlation between winter and
annual mean is not significant (0.27). The same is true
for the correlation between the winter and summer
time series of W. However, the water vapour content
of the summer is significantly correlated with the wa-
ter vapour content of the following winter (v, ,4+1 =
0.51). Thus, the winter W seems to be influenced by the
water vapour content of the previous summer. Whether
this relation is a local effect (the high soil moisture of
the Baltic Sea catchment area as a consequence of a
moist summer, less ice cover of the Baltic Sea fol-
lowing a warm, moist summer) or whether it is pro-
duced by variations in the general circulation is not yet
known. The water vapour content over the BALTEX
area during winter is closely related to the North At-
lantic Oscillation (NAO), the dominant atmospheric
circulation mode over the North Atlantic. The NAO
is characterized by the NAO index [=difference of
the normalized sea level pressure at Lisbon (Portu-
gal) and Stykkisholm (Iceland)]. The NAO explains
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Fig. 2. Time series of the mean water vapour content over the BALTEX area (kg m~2) for summer (JJA) (top), winter (DJF)

(bottom) and annual mean (middle).

about 17% of the variability of the winter water vapour
content over the BALTEX area. In high NAO winters
the westerlies are stronger and they transport warm
and moist airmasses from the Atlantic into the BAL-
TEX area. Winters with a low NAO index are colder
and drier than in the mean (Hurrell, 1995; Ruprecht
et al., 2002).

4. Water vapour flux

Atmospheric water budget studies aim to answer
the question whether the water vapour, which yields
the precipitation of a certain area, is provided by an
external source, flux into the area through the lateral
boundaries, or by the internal source, evaporation. Two
different methods have been used to determine the di-
vergence of the water vapour flux: first, determina-
tion of the fluxes through the lateral boundaries of the
BALTEX area [eq. (5)], and second, calculation of the
fluxes and their divergence at each grid point. The first
method yields the possibility to separately examine in-
flow into and outflow out of the area. A similar method
was used by Cadet and Nnoli (1987) for Africa and by
Rasmusson (1967) for North America who showed
that this method works best if the divergence for large
areas is to be determined.
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4.1. Flux through the lateral boundaries

The mean transport through the BALTEX bound-
aries is displayed in Fig. 3. The strongest inflow into
the BALTEX area takes place in the southwest of
the region, and large outflow exists through the east-
ern boundary. Small fluxes have been obtained at the
northern and southern boundaries with a small outflow
in the north and slight inflow in the south. Integra-
tion about the lateral boundaries of the BALTEX area
yields a positive annual net transport into the BALTEX
area. The mean annual net water vapour flux amounts
to 14.4 x 10% kg s~!, corresponding to a gain of water
of 215 mm yr~'.

In the 1950s inflow and outflow were almost
balanced (Fig. 4). This period was followed by
years with a large positive net transport. Strong
convergence of the water vapour flux also exists at
the end of the 1980s and the beginning of the 1990s.
Reasons for changes in the net transport are under
investigation. For the annual mean, there exists a high
correlation between inflow and outflow (r = 0.95),
but neither of the two components is significantly
correlated with the net flow. During winter season,
the inflow is, however, well correlated with the
net flow (r = 0.85). Both are related to the North
Atlantic Oscillation; the correlation coefficients with
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Fig. 3. Vertically integrated water vapour flux (kg m~—! s~1)
through the lateral boundaries (approximated) of the
BALTEX area (vector scale is given by the arrow below the
figure).
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the NAO index are 0.77 (inflow) and 0.59 (net flow).
This means that during high NAO winters the BAL-
TEX area experiences a strong inflow and a large net
gain of water vapour, as for example observed at the
end of the 1980s and the beginning of the 1990s. These
results for the BALTEX area are in agreement with the
findings of Hurrell (1995) and Ruprecht et al. (2002),
who showed that during high (Ilow) NAO winters water
vapour transport is mainly towards Northern (South-
ern) Europe. In contrast to the winter season, the influ-
ence from outside is weak during the summer. Local
processes are mainly responsible for the divergence of
water vapour flux.

4.2. Spatial distribution of the flux divergence

The spatial distribution of the divergence has been
derived from the calculated fluxes at each grid point.
Figure 5 shows a marked convergence maximum in
the northwest of the BALTEX area. This maximum ex-
tends along the Scandinavian Mountains to the south.
The easterly mean flux and northerly eddy flux con-
tribute both to this maximum (Figs. 6 and 7) due to

water vapour transport

1970

1950

1990 2000

0

AQ (10%kg/s)

1950 1960 1970

1980 1990 2000

Fig. 4. Time series of the vertically integrated water vapour flux Q into (full line) and out (dashed line) of the BALTEX area
in 100 kg s7! (top); the difference between in- and outflow (A Q) is given at the bottom.
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Fig. 5. Divergence of the vertically integrated water vapour
flux averaged over the period 1948-2000 (mm month~')
(green line = boundary of the BALTEX area).

its direction relative to the Scandinavian mountains.
Small regions with divergent fluxes are found south
of the Lake Ladoga and northeast of Finland. In the
other parts of the BALTEX area, the water vapour flux
is convergent with values between —10 and —40 mm
month~!. The division of the total water vapour flux in
its mean and eddy part is shown in Fig. 6. The results
agree in general with those of other studies that the
mean flux is about five times larger than the eddy
flux (Rasmusson and Mo, 1996). The maximum of
the mean flux of 70 kg m~! s~! is located over the
northern part of Germany, the minimum of less than
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40 kg m~! s7! is found over Finland. The two fluxes
are almost perpendicular to each other, the mean flux
is nearly zonally aligned, nearly parallel to the isolines
of the total water vapour content. In contrast the eddy
fluxes are mainly meridional.

Although the mean flux is much larger than the eddy
flux, the resulting divergences are of the same size
(Fig. 7). This fact confirms the results of the previous
section (Fig. 3) that most of the water vapour is trans-
ported through the BALTEX area and only a small
part (10-20%) is included in the regional budget. The
mean flux has its maximum convergence in the north-
west of the region mainly caused by the zonality of
the flux. As we shall discuss below, part of this max-
imum is probably caused by erroneous data over the
mountains, a well known problem in this (Trenberth
and Guillemot, 1998) and in other operational data sets
(Mo and Higgins, 1996; Rasmusson and Mo, 1996).
The mean flux is also convergent over the Baltic Sea,
but in the east, from Finland to Belarus, it is slightly
divergent. The more meridionally directed eddy flux
is partly blocked at the southern and eastern side of
the mountains, where it attains its maximum conver-
gence of —60 mm month~!. Over the other parts of the
BALTEX area the flux divergence is more irregular.

4.3. Error estimation of the flux divergence

In the last section it was mentioned that the distri-
bution of the flux divergence over the Scandinavian

70N 70N
65N 65N -
60N 60N
55N 55N 1 i'x;
50N - 50N -

—
100

(kg/ms)

Fig. 6. Mean (left) and eddy (right) water vapour flux (kg m~! s~!) averaged over the period 1948-2000; vector scale is

given below each figure, contour lines give flux magnitudes (contour interval is 10 kg m~! s~! for the mean and 2 kg m

for the eddy flux).
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Fig. 7. Divergence of the vertically integrated mean (left) and eddy (right) water vapour flux averaged over the period

1948-2000 (mm month™!).

mountains may be erroneous. Therefore, an error esti-
mation is performed. A large contribution to the erro-
neous divergence of the water vapour flux comes from
the imbalance of the mass budget due to inaccurate
wind observations; Alestalo (1981) has introduced a
mass balance correction for the different atmospheric
fluxes. Based on these ideas we calculated the diver-
gence of the vertically integrated horizontal mass flux
M, over the BALTEX area:

Ps 1
v 'Mh = V'/ —Vhdp. (6)
n 8

The time mean of V - M;, must be zero at each
gridpoint, assuming that the variation of surface pres-
sure is small and that there is no exchange with the
stratosphere. The long-term mean vertically integrated
mass flux divergence derived from the NCEP/NCAR
reanalysis data, however, shows quite large conver-
gence and divergence maxima in particularly over the
mountains (not shown). The calculation yields a mean
convergence of the mass flux of —3.84 x 107* kg
m~2 s~ over the BALTEX area. This would give
an increase of the mean surface pressure of 0.8 hPa
per 6 h.

These results clearly confirm the findings of earlier
studies (e.g. Trenberth and Guillemot, 1998) that the

NCEP/NCAR reanalysis data yield unrealistic diver-
gence values particularly in regions with high moun-
tains. In this data set values at the 1000 hPa level are
always included even in mountain regions. Where this
level is situated beneath the surface, extrapolation pro-
vides the values down to the 1000 hPa level.

The error in the divergence of the water vapour flux
(caused by the imbalance of the mass flux) is deter-
mined by:

EV:Q) =4V + M. Q)

q is the vertically averged time mean of the specific
humidity g. E(V - Q) is subtracted from V - Q to cor-
rect for the mass flux imbalance. The distribution of
this correction term is shown in Fig. 8. Over large parts
of the BALTEX area the corrections amount to values
between ~5 and 5 mm month~!. However, large nega-
tive values (> —10 mm month~") are calculated in the
northwest of the area and weaker ones at the south-
ern coast of the Baltic Sea. Positive values (>10 mm
month™") occur in the east of the area, and in particu-
larly over southern Norway as an effect the Norwegian
Mountains. On average, the mean error for the BAL-
TEX areais —1.4 mm month™! (= —16 mm yr™'), i.e.
the long-term annual mean of the water vapour flux,
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Fig. 8. Correction term for the water vapour flux divergence

(mm month~") caused by the imbalance of the mass flux [see
equ. (7)].

calculated from the NCEP/NCAR reanalysis data, is
16 mm yr~! too convergent over the BALTEX area.
This is an error of 7.7%.

The attempt to reduce this error by replacing the
1000 hPa data by the surface data (which are given in
the NCEP/NCAR reanalysis) at each grid point was
not successful. The error became even larger. Thus,
we must conclude that the reanalysis data are not able
to resolve orographic differences well enough.

5. Evaporation and precipitation

Evaporation E and precipitation P represent the sur-
face branch of the atmospheric water budget. Although
atleast precipitation is operationally observed (E is de-
termined only at very few locations of the globe) these
observations are not yet operationally included in the
assimilation process of forecast models. That means
P and E are output variables of the forecast model and
they are not influenced by direct observations. Itis well
known today that the forecast of precipitation (and
evaporation) provides the largest problems in weather
prediciton. This is also true for the NCEP/NCAR re-
analysis data. Kistler et al. (2001) warned that those
data in the NCEP/NCAR reanalysis like precipita-
tion and surface fluxes should be used with caution.
Mo and Higgins (1996) determined a 9-yr mean of
E — P over the continental United States of America,
the NCEP/NCAR reanalysis data yield positive values
over large areas so that a negative runoff was obtained
over this continental area.

The 53-yr mean of E — P over the BALTEX area
is given in Fig. 9. It shows that precipitation exceeds

Tellus 55A (2003), 5
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Fig. 9. Evaporation minus precipitation (mm month~!) av-
eraged over the period 1948-2000.

evaporation in most parts of the BALTEX area. This
is particularly true over northern Finland and south of
Lake Ladoga. Here precipitation exceeds evaporation
by about 40 mm month~!. These maxima coincide
with the maxima of precipitation in the same areas
(not shown). Only over the Baltic Sea and southern
Finland is evaporation slightly higher than precipita-
tion. Averaged over the whole BALTEX area, E — P is
negative with a precipitation excess of 12 mm month™!
(=140 mm yr1).

Direct observations are not available to compare
this value with. The water budget for the BALTEX
region simulated with the regional model of the Ger-
man Weather Service (Europa Modell) provides data
to compare with (Heise, 1996). Simulated £ — P
is, however, almost twice of the value of this study:
260 mm yr~! for 1993, 309 mm yr~! for 1994.

There exists a number of estimates about precipi-
tation and evaporation over the Baltic Sea [see tables
in Heise (1996), Omstedt et al. (1997) and Omstedt
and Rutgersson (2000)]. Omsted et al. (1997) used
the 1° x 1° grided precipitation data of the Swedish
Weather Service, and evaporation was calculated using
an ocean model with a bulk formula parameterization
for the fluxes at the ocean surface. The annual means
of E — P for the years 1981-1994 are always nega-
tive. Precipitation is in excess of 38 until 309 mm yr~!,
with a 14-yr mean of 150 mm yr~!. The 70-yr mean
of the HELCOM (1986) study is only 100 mm yr~'.
Omstedt and Rutgersson (2000) recalculated the pre-
cipitation excess and came out with the same mean
value. They compared that mean with other long-term
means, the climate model of the Max-Planck-Institute
Hamburg (ECHAM4) gives almost two times larger
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Fig. 10. Mean precipitation of the NCEP/NCAR reanalysis (left) and analysis of direct observations by F. Rubel (Rubel and
Hantel, 2001) (right) in mm month™!, both averaged over the period 1996-1999.

values; the 2-yr mean derived by Heise (1996) is 104
mm yr~!. Assuming that P — E is larger over the land
surface than over water within the BALTEX area, as
most models show, then we must conclude that the
value derived from the NCEP/NCAR reanalysis is an
underestimation.

Rubel and Hantel (2001) have analysed the di-
rect observations of precipitation of the BALTEX
area; their results are used to check the results of
the NCEP/NCAR reanalysis. A comparison of the
two data sets could be carried out for the four years
1996-1999 (precipitation analysis data provided by F.
Rubel). Figure 10 shows that large differences exist.
The NCEP/NCAR reanalysis gives too little precipita-
tion over the Baltic Sea and the northwest of the region.
In contrary, the amount of precipitation is too large in
the north of Finland and south of the Lake Ladoga,
these are the two areas which show minima of E —
P (Fig. 9). The mean precipitation over the BALTEX
area, averaged for the 4 yr, is 672 mm yr~! in the
NCEP/NCAR data and 733 mm yr~! in the observa-
tional data. The latter data will be used for a corrected
water budget of the BALTEX area. Since there exist no
direct observations or an analysis of observations of
evaporation over the whole BALTEX area we cannot
perform an error estimaton of E.

6. Atmospheric water budget

In order to close the budget, the difference between
evaporation and precipitation must be compensated by
the divergence of the vertically integrated water vapour
flux and the storage term which, however, should be
small averaged over a 53-yr period. A comparison of
Figs. 5 and 9 shows that the budget is not closed locally.
Especially large errors are obtained over the Scandi-
navian Mountains, in the north of Finland and south
of the Lake Ladoga.

Recognizing these imbalances the question arises
whether the errors cancel after integration over the
whole area. Budgets averaged over the period 1948—
2000 and over the BALTEX area are given in
Table 1 for all four seasons and as annual mean. For
the whole year evaporation is the dominant source of
water vapour over the BALTEX area. It is about three
times larger than the other source, convergence of wa-
ter vapour transport. The sum of the two sources ex-
ceeds the water vapour loss by precipitation. Since
the storage term is negligible, as expected, the budget
is not closed. As a first rough estimation, we assume
that the imbalance is equally partitioned into the three
terms, so that we obtain an error of 26 mm yr~! of
each term (a very conservative estimation). The error
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Table 1. Atmospheric water budget of the BALTEX area (data: NCEP/NCAR reanalysis 1948-2000)

E P E—-P V-Q dWy, Balance
DJF (mm month™!) 18 43 -25 -30 —1 6
MAM (mm month~") 55 51 4 —15 3 16
JJA (mm month™1) 89 94 -5 1 3 -9
SON (mm month~") 35 55 —20 -29 —4 13
Year (mm yr—!) 591 730 —140 —218 0 78

Table 2. Mean atmospheric water budget of the BALTEX area averaged over the period 1996—1999 derived
from the NCEP/NCAR reanalysis data (upper row), and calculated with corrected water vapour flux diver-
gence derived from the NCEP/NCAR reanalysis data and with precipitation analysis data from Rubel and

Hantel (2001) (lower row)

E P E—-P vV-Q Balance
NCEP/NCAR-Reanalysis (mm yr—!) 559 672 —113 —245 132
NCEP/NCAR-Reanalysis corrected (mm yr~!) 559 733 —174 —228 53

estimation for the divergence of the vertically inte-
grated water vapour flux gave 16 mm yr~! due to the
imbalance of the mass flux. Thus, the mass balance
correction technique takes care of of about 65% of the
inaccuracy of the divergence of the water vapour flux.
Considering the long-term annual mean water vapour
budget the three single terms can be determined from
the NCEP/NCAR reanalysis data with an accuracy of
about 10% or better for a region like the BALTEX
area.

An attempt has been made to calculate a new budget
with the most reliable data, these are the NCEP/NCAR
reanalysis data for the water vapur fluxes with the mass
balance correction of the divergence of the fluxes and
the precipitation analysis data by Rubel (Rubel and
Hantel, 2001). For the evaporation the NCEP/NCAR
reanalysis data are used without any correction be-
cause we had no basis for it. Since precipitation data
analysed by Rubel are available only for the four years
1996-1999, we recalculated the mean budget for this
period (Table 2). The imbalance of the uncorrected re-
analysis data of the four years is even larger (132.0
mm yr~!) than the one given in Table 1 for the 53 yr.
Rubel’s analysed precipitation is about 10% higher
than the NCEP/NCAR value. Thus, the difference be-
tween precipitation and evaporation has increased by
more than 50%. The convergence of the water vapour
flux has been corrected due to the imbalance of the
mass flux (for the 4 yr) by —17 mm yr~!. As con-
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sequence, the large imbalance of 132 mm yr~! could

be reduced to 55 mm yr~! (assuming that the annual
mean of storage term is negligible small). Because of
the short time period the climatological representa-
tiveness and significance of these results may not be
very large. The aim of this calculation, however, is to
compare the results with those of the uncorrected 4-yr
budget derived from the NCEP/NCAR reanalysis data
and show how much a correction can amount.

The budget varies from season to season (Table 1).
For the whole year precipitation exceeds evaporation
by 24%. Except for the spring months when these
two terms balance, precipitation is always greater than
evaporation but the ratio of P/ E varies drastically: 2.4
in winter, 1.6 in fall and 1.1 in summer. The summer
season contributes most to the individual budget com-
ponents: 39% of the annual precipitation and 45% of
annual evaporation are obtained during summer. The
water vapour transport attains its maximum during
summer, too, but the divergence is negligibly small.
Despite this fact, one cannot conclude that the BAL-
TEX area is less affected by its large-scale environ-
ment during summer compared to the other seasons.
A large amount of water vapour is transported into the
area from west, with about the same amount leaving
the area through the eastern boundary. Whether this
is only a through-flow or whether precipitation and
evaporation are influenced by this flow cannot be con-
cluded based on these data. For the individual seasons



436

we also calculated the water vapour storage; the de-
crease in winter and autumn is small compared to the
other components, during spring and summer the in-
crease is, however, of comparable size to E — P and
V - Q because the latter two are small.

7. Conclusions

The NCEP/NCAR reanalysis data are an important
source of information which can be used to study re-
gional atmospheric hydrological cycles like that of
the BALTEX area. The spatial and temporal density
of these data is higher than that of any other dataset
which so far has been used to investigate the hydro-
logical cycle of this area. Despite this positive effect
our results show that the errors of the calculated bud-
get are remarkable and the budget cannot be closed.
The cause of the imbalance is mainly a twofold one.
First, compared to the precipitation analysis of Rubel
and Hantel (2001), NCEP/NCAR reanalysis produces
too little rain over the BALTEX area. That is oppo-
site to the results of Mo and Higgins (1996), who
found that the summer precipitation simulated by the
NCEP model is too much over the central and eastern
United States of America. Second, the largest errors
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have been obtained over the mountain regions, these
errors are the result of the coarse vertical resolution of
the reanalysis dataset. The uncorrected and corrected
budget components confirm that precipitation exceeds
evaporation in most parts of the BALTEX area, only
over the Baltic Sea, particularly over the southern part,
evaporation is larger than precipitation. The compen-
sation of these differences is given by a convergence
of the water vapour flux. Moisture is transported into
the area from the west and leaves it through the east-
ern boundary. The BALTEX area is connected through
this transport to the large-scale environment. This fact
is also confirmed by the high correlation between the
North Atlantic Oscillation (NAO) and the inflow and
net flow. Particularly during high NAO winters, more
water vapour is transported into this area than during
low NAO winters, when the transport is directed more
to Middle and South Europe. The mean annual and sea-
sonal budgets provide a basis for further studies during
BRIDGE (BALTEX, 1997). If the goal of BRIDGE is
achieved, to obtain better and more comprehensive ob-
servations from the entire Baltic Sea catchment area,
then these additional data can complete the reanalysis
data to derive an atmospheric water budget which is
more correct than is possible today.
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