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Abstract

Diurnal variations in water vapour in the Baltic Sea region are examined using
BaltAn65+ and NCEP-CFSR reanalyses of summer (JJA) data for the period
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1979{2005. A systematic di�erence between precipitable water (PW) diurnal
variability above the land and the water is revealed. Above the land, PW diurnal
variability has minimal values at 00 and 06 UTC, as in previous studies, whereas
above the water, the minima are at 12 and 18 UTC. Diurnal variability in the
vertical humidity pro�le is controlled by turbulent mixing and the diurnal behaviour
of sea breezes. The impacts and proportions of diurnal variability of humidity are
evaluated at di�erent vertical levels.

1. Introduction

Water vapour, one of the most important variable components of the
Earth's atmosphere, contributes on average about 60% of thenatural
greenhouse e�ect (Kiehl & Trenberth 1997, Maurellis & Tennyson 2003).
The resource of cloud formation and precipitation, it plays a critical role
in aerosol evolution and chemical reactions. Therefore, its column quantity
must be adequately known in order to understand, associate and forecast
environmental processes. On the other hand, temporal as well as spatial
variability of water vapour occurs on such a �ne scale that resolving them
adequately presupposes observing systems with a high sampling resolution
in space and time (Anthes 1983, Bengtsson et al. 2003).

Assimilated information from numerical weather prediction models and
reanalyses are important tools for monitoring changes in integrated (total)
water vapour content (precipitable water { PW), especially in areas, where
the scarcity of observing systems restricts investigation(e.g. seas, large
lakes, polar regions).

The diurnal variability of water vapour results from intera ctions between
evaporation at the surface, atmospheric large-scale horizontal motion,
moisture convergence and precipitation as well as verticalmixing (Dai
et al. 1999a,b). The last-mentioned has almost no e�ect on PWbut does
contribute to evaporation in the lower layers. In addition, the diurnal PW
cycle is a�ected by changes in local winds, which in coastal areas, in turn,
depends on the sea breeze circulation (Dai et al. 2002, Ortizde Galisteo
et al. 2011). However, a sea breeze's regional ability to transport air between
sea and land can be suppressed by atmospheric circulation ona larger
scale (Arritt 1993). For the above-mentioned reasons, dependence on
seasonality and geographical location should be considered when studying
daily variations of PW.

As far as the Baltic Sea region is concerned, the diurnal cycle of PW
was studied by Bouma & Stoew (2001), who evaluated GPS data from 30
European sites during a 2.5-year period. An average peak-to-peak (PtP)
value between 0.8{3.2 mm for summer months (JAS) was found, which had
a notable relationship with latitude. However, the maximum value phase



Diurnal variability of water vapour in the Baltic Sea region . . . 193

of the diurnal cycle does not depend on latitude and occurs atabout 14{
17 UTC. Eliminating sites below 55� N and extending the study period to 6
years, the average diurnal PtP converged to 0.1{0.6 mm (Bouma 2002). As
in these papers, diurnal variations in PW in the Baltic region during a 10-
year period (1996{2005) were analysed by Jakobson et al. (2009). Averaged
over 32 land-located GPS stations, the maximum PW in summer (JJA)
occurred at 14 UTC with an average diurnal PtP-value of just 0.64 mm.
For spring (MAM) the average PtP-value was 0.51 mm. In both spring and
summer, all 32 GPS stations, without exception, showed higher PW values
at 12 UTC compared to 00 UTC. The average PtP-value was only 0.16 mm
in the autumn and 0.11 mm in the winter. The authors concluded that it
seemed reasonable to neglect the diurnal cycles in PW duringthe autumn
and winter seasons. We believe that the discrepancy among the PtP-values
in Bouma & Stoew (2001), Bouma (2002) and Jakobson et al. (2009) arises
from the Bouma & Stoew (2001) paper, in which the PtP-values relate to
only a short 2.5-year period, where the synoptic variationsin PW were not
su�ciently smoothed out.

Okulov & Ohvril (2010) obtained a contrary result about PW di urnal
behaviour at the coastal station Tallinn-Harku (59.48� N, 24.60� E, 1990{
2001): at midnight (00 UTC) PW is 3{5% higher than its midday ( 12 UTC)
counterpart.

To investigate the reasons for the PW diurnal cycle in more detail, one
needs to retrieve the diurnal evolution of the humidity pro� le. Apart from
using models, this has only been done by intensive radiosonde campaigns
(e.g. Dai et al. 2002) or, more recently, by GPS tomography (e.g. Bastin
et al. 2007). However, these methods are limited by the low temporal and
horizontal resolution (radiosonde) or the sparse network (GPS tomography).

Another shortcoming of these methods is the location of sites, namely,
the absence of stationary radiosonde and GPS stations on theBaltic Sea. In
this sense, the databases created by atmospheric reanalysis models represent
powerful modern tools securing su�cient temporal and spatial resolution
for detecting regional diurnal cycles in the vertical pro�l es of meteorological
elements.

The authors of this paper are not aware of any study applying
a reanalysis-based approach to the determination of PW diurnal variability.

The aims of this paper are to establish the average summer (JJA) PW
diurnal variability above the water as well as the land, and also to ascertain
the atmospheric layers responsible for this variability. Diurnal temperature,
speci�c humidity and wind pro�les will also be examined.
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2. Material and methods

Our research is based on two extensive databases. The �rst one,
completed for the 31-year period from 1979 to 2010, was provided by
the global atmospheric reanalysis model from the National Centre of
Environmental Predictions { Climate Forecast System Reanalysis (NCEP-
CFSR, USA). It has a 0.5-degree horizontal, 64-layer vertical and 6-
hour temporal resolution and takes account of most available in situ
and satellite observations (Saha et al. 2010). The second model used in
this study, completed for the 41-year period from 1965 to 2005, is the
regional reanalysis model BaltAn65+, which is based on HIRLAM version
7.1.4; it has a 0.1-degree horizontal, 60-layer vertical and 6-hour temporal
resolution (Luhamaa et al. 2010). The BaltAn65+ obtains boundary �elds
from ECMWF ERA-40 global reanalyses, assimilating standard surface
observations and meteorological soundings together with ship and buoy
measurements from the WMO observational network. As a re�nement of
ERA-40 for Baltic Sea region, the BaltAn65+ has improved its resolution:
using a > 10 times higher horizontal resolution than ERA-40, it is suitable
for studying such a heterogeneous region as the Baltic Sea, which is
characterised by variable landscapes, indented coastlines, numerous islands
and rich inland waters.

The study area of this paper is 53{68� N, 12{32� E, which means that local
time is from 48 minutes to 2 hours 8 minutes behind UTC time. Owing to
the relatively small interval, compared to models with a 6-hour resolution,
all calculations are still done in UTC-time.

The motivation for preferring these reanalysis models was to select the
most independent models available, so as to reduce the risk of model-
generated arti�cial patterns. Both models assimilated mostly the same
data, but their physical parameterisation schemes are di�erent. Data for
the overlapping period 1979{2005 from NCEP-CFSR and BaltAn65+ were
analysed. The BaltAn65+ data from 1965{1978 were omitted in order to
keep the periods closer and to avoid systematic errors that ERA-40 had
before the satellite era (Jakobson & Vihma 2010). NCEP-CFSRdata from
2006{2010 were left out, so that only data from the same period would be
compared.

3. Results

All the diurnal di�erences shown in the �gures (except Figur e 4,
see p. 197) are statistically signi�cant (p < 0.05), based on the t-test;
insigni�cant di�erences are left blank.
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BaltAn65+ summer (JJA) average PW has an evident latitudina l
dependence (Figure 1) with an orographic e�ect over the Scandinavian
Mountains. However, there is no visual correlation with the underlying
surface type. The overall summer average PW over the region was 20.7 mm,
while local average values of PW varied from 13.1 mm to 23.9 mm.
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Figure 1. Precipitable water (PW, mm): summer (JJA) average for 1979{2005
from NCEP-CFSR reanalysis

The di�erences between the average 12 UTC and 00 UTC values ofPW
are shown in Figure 2. Based on the properties of the underlying surface,
systematic patterns in PW diurnal variability are evident a nd are roughly
the same in both models. The diurnal variability of PW above the Baltic
Sea and above the land behaves in the opposite way according to both of
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Figure 2. Summer (JJA) di�erence in precipitable water, PW 12 UTC � PW00 UTC

in mm: left-hand panel { BaltAn65+ for 1979{2005; right-han d panel { NCEP-
CFSR for 1979{2005
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the models { above the sea there is usually more water vapour at 00 UTC,
compared to the land at 12 UTC. According to the BaltAn65+ mod el, the
average PW over the sea is 0.5 mm higher at 00 UTC than at 12 UTC,
while over the land there is no di�erence between the averagePW values at
00 UTC and 12 UTC.

A noteworthy di�erence between the models appears if we takethe
larger lakes and islands into consideration. The BaltAn65+ model tends to
classify larger islands (Saaremaa, Gotland) as land and larger lakes (Ladoga,
V•anern, Peipus, V•attern) as water. Of these, the NCEP-CFSR model
detects only Lake Ladoga, presumably because of the sparserresolution
of the model.

The diurnal evolution of PW, with a 6-hour time step, is shown in
Figure 3. At night, from 00 to 06 UTC, there is no change in PW above
the sea, but a decrease above the land is detectable. In the morning, from
06 to 12 UTC, PW decreases above the sea, but increases above the land,
especially to the east of the Baltic Sea.
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Figure 3. Summer (JJA) di�erences in precipitable water, PW [mm], as calculated
from BaltAn65+ for 1979{2005 between di�erent UTC hours

In the afternoon, from 12 to 18 UTC, PW still decreases slightly above
the water, except in the Gulf of Finland and on Lake Ladoga, where PW
is already increasing, as is the case to the west of the BalticSea. In the
evening, from 18 to 00 UTC, PW is increasing above the water, but is
mostly decreasing above the land.
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For the sake of comparison with previous studies (Bouma & Stoew 2001,
Jakobson et al. 2009), shorter periods were also processed,but because of
the insu�cient number of data, the diurnal di�erences remai ned mostly
insigni�cant (not shown), without any justi�able opportun ity for making
comparisons.

To estimate the in
uence of di�erent atmospheric layers on PW diurnal
variation, the PW di�erence between 18 and 06 UTC (dPW = PW 18 UTC �
PW06 UTC ) was calculated, as this time interval usually gives the largest
di�erences in PW. After that, the contributions to dPW from v ertical
intervals 900{1000 hPa, 800{900 hPa and 800{1000 hPa were calculated
(Figure 4). Lower 100 hPa humidity diurnal variations a�ect PW diurnal
variability more above the water than the land, while the 800 to 900 hPa
interval a�ects it more above land than the water. Relativel y speaking, the
regional average contribution to dPW was 25% in the interval900{1000 hPa
and 45% in the next 100 hPa layer. The 800{1000 hPa interval holds 70%
of the dPW with a ca 20% larger contribution above the land than over the
sea.
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Figure 4. Contributions of di�erent vertical intervals to precipita ble water; PW
di�erence between 18 and 06 UTC, calculated from BaltAn65+ for 1979{2005.
The �rst row represents the absolute [mm] and the second row the relative [%]
contribution to the PW di�erence from the relevant vertical interval a, d) 900{
1000 hPa; b, e) 800{900 hPa; c, f) 800{1000 hPa

Speci�c humidity and temperature at 00, 06, 12 and 18 UTC di�e r from
their diurnal average values at di�erent vertical pressure levels and exhibit
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Figure 5. Upper panel { speci�c humidity [g kg � 1] at 00, 06, 12 and 18 UTC
minus the average speci�c humidity; lower panel { temperature [� C] at 00, 06, 12
and 18 UTC the minus average temperature. Rows { hours; columns { pressure
levels. Data from BaltAn65+ for 1979{2005

fundamental di�erences for the sea and the land (Figure 5). The results for
BaltAn65+ and NCEP-CFSR (not shown) were similar at all vert ical levels
with respect to both speci�c humidity and temperature. The b ehaviour of
speci�c humidity above 950 hPa is the reverse of that above the sea and the
land. Above the sea there is less humidity at 12 and 18 UTC, while above the
land the humidity is lower at 00 and 06 UTC. The situation regarding the
speci�c humidity below 950 hPa is more complicated and will be analysed in
the Discussion. Over land, temperatures are higher at 18 and12 UTC and
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lower at 06 and 00 UTC. Diurnal variability in the temperatur e above the
water is delayed for about 6 hours, compared to the variability above the
land, with higher temperatures at 18 and 00 UTC and lower temperatures
at 06 and 12 UTC, although the delay fades out above 850 hPa.

Figure 6 presents the winds at 00 and 12 UTC minus the relevantdiurnal
averages at 1000, 950 and 900 hPa. At the 1000 hPa level there is a distinct
land breeze at 00 UTC and a sea breeze at 12 UTC on the Baltic Seaand
also on the larger lakes (Ladoga and V•anern). At 950 hPa the breeze e�ect
is still weakly present, but already at 900 hPa the breeze e�ects are no
longer apparent.

Figure 6. Upper panels { wind at 00 UTC minus the diurnal average; lowerpanels
{ wind at 12 UTC minus the diurnal average. The columns represent pressure levels
of 1000, 950 and 900 hPa

4. Discussion

There are three mechanisms that can change the humidity content in the
atmosphere: 1) large-scale (synoptic) changes of the air mass; 2) evaporation
and condensation within the air mass; and 3) local wind-driven advection.
The large-scale changes in the synoptic situation do not follow a diurnal
pattern, as they are caused by large-scale changes of the airmass and can be
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compensated for by averaging over long time periods. Nonetheless, air mass
changes a�ect PW behaviour much more than other inducers, sostudies
of PW diurnal variability using intensive but short measuri ng periods (for
example, Wu et al. 2003, Bastin et al. 2007) are likely to be a�ected by the
air mass changes. The other two mechanisms are both related to the diurnal
cycle of solar radiation (Wu et al. 2003). The diurnal cycle of solar radiation
drives the humidity cycle via the temperature cycle. Diurnal warming
intensi�es evaporation and increases humidity. Also, warmer air can contain
more moisture. The diurnal cycle of solar radiation also generates sea/land
breezes as result of the di�erential warming of land and water. During
daytime in summer, the water is colder than the land and the sea breeze
carries moisture inland. During the night in summer, the water is warmer
than the air and the land breeze carries air from land to water. After sunrise,
surface warming above the land triggers convective turbulence and vertical
mixing of air. The extent of the mixed layer increases with the intensity
of the incident solar radiation and is also driven by the type of underlying
surface and the pattern of its albedo. Convective turbulence carries moisture
from the lower layers upwards and upper drier air downwards,favouring
evaporation from the surface.

4.1. Diurnal variability of temperature, speci�c humidity and
PW above the land

At night (00 UTC) the atmosphere cools o� below 900 hPa; abovethat
level the change in temperature is mostly insigni�cant. As there is less
evaporation and turbulent mixing, the speci�c humidity als o decreases in
the whole pro�le, compared to the situation 6 hours earlier, causing the
decrease in PW.

In the morning (06 UTC) the temperature decreases in the entire
column. The speci�c humidity increases below 950 hPa, and this is often
accompanied by radiative fog (ground fog) and dew, which entrains water
vapour and reduces column humidity, i.e. PW. Because of the downward
transport of water vapour, the speci�c humidity decreases above 950 hPa.

By noon (12 UTC) the temperature has increased in the whole pro�le,
especially below 950 hPa. The speci�c humidity increases above 950 hPa,
but decreases below that. This can be explained by the upwardconvective
transport of humidity in the �rst 1 km layer. As a daily averag e, the
di�erence in speci�c humidity between 1000 hPa and 900 hPa isabout
1.5 g kg� 1 (not shown). As a result of mixing, the lowermost layers lose
humidity, while the uppermost ones gain it. PW increases, especially east
of the Baltic Sea.
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In the evening (18 UTC) the temperature remains the same below
950 hPa, but increases above that. The speci�c humidity increases at
1000 hPa, but remains the same above that. The evening increase in the
lowermost level can be explained by the weakening of turbulent mixing, so
humidity generated by evaporation at ground level remains mostly at the
lowermost levels. PW has remained the same east of the BalticSea, but
has increased to the west.

4.2. Diurnal variability of temperature, speci�c humidity and
PW above the water

The average PW diurnal variability above the water, in contr ast to the
land, reaches minimum values at 12 to 18 UTC and maximum values at
00 UTC. The origin of this disparity is in the breezes { the seabreeze during
the day and the land breeze at night. During the day, the sea breeze brings
colder air in o� the sea to the land at very low levels, but this rises after
warming and returns aloft towards the sea where it eventually descends to
close the cycle.

The night-time land breeze cycle is the reverse of the day-time sea
breeze one, with air ascending over the sea and descending above the land.
During the day, descending air brings drier air from the upper air levels and
thus reduces PW. During the night, ascending air 
ow above the water
transports humid air up and increases PW. The diurnal variabilities in
speci�c humidity and temperature at di�erent atmospheric l evels are also
forced by the sea/land breezes.

At night (00 UTC) the temperature decreases slightly, but is still
higher than the diurnal average. The land breeze carries humidity upwards,
increasing PW. By morning (06 UTC) the temperature has decreased in
the whole pro�le. The speci�c humidity has increased below 950 hPa level,
presumably due to the very high relative humidity that occur s with morning
fogs, but has decreased above the 950 hPa level, apparently due to the
downward-moving water droplets. PW does not change signi�cantly from
00 to 06 UTC.

By noon (12 UTC) the temperature has slightly increased in the whole
pro�le, but it is still lower than the diurnal average. The sp eci�c humidity
has decreased in the whole pro�le. Above the water, descending drier air
in sea breeze leads to a decrease in speci�c humidity in the whole pro�le
and in PW. In the evening (18 UTC) the temperature continues to increase
in the whole pro�le. The speci�c humidity decreases below 950 hPa, but
increases above that. In the lowermost layers, the sea breeze blocks the
humid air from the land, but in the uppermost layers the retur ning air in
the sea breeze carries humidity above the water. The diurnalminimum of
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speci�c humidity (Figure 5) and PW decreases towards the Baltic Proper.
PW increases in the Gulf of Finland and Lake Ladoga, probablybecause of
their smaller dimensions.

5. Conclusions

The diurnal cycle of PW has already been studied using radiosonde and
GPS measurement data (Bouma & Stoew 2001, Dai et al. 2002, Jakobson
et al. 2009). All of these measurements were performed on land, not on
water. However, our results, based on atmospheric reanalysis models, are in
a good agreement with them. But the agreement addresses onlyland, where
the diurnal cycle of PW has a maximum in the afternoon. Although all
land-located 32 GPS-stations revealed a similar PW diurnalcycle (Jakobson
et al. 2009), one cannot generalise these results to the regions adjoining large
water bodies (the Baltic Sea, large lakes). Our results fromthe reanalysis
models demonstrated (Figure 3) that above the water the PW diurnal
variability is the reverse of the variability above the land. Near water
minimum PW values occur at 12 and 18 UTC and maximum ones at 00
and 06 UTC. The di�erence is caused by sea/land breezes at lower altitudes
(Figure 6).

The main regularities in the humidity and temperature pro�l es of the
Baltic Sea region are as follows:

Above the land:

� Diurnal variability of speci�c humidity above 950 hPa is coh erent with
the diurnal variability of temperature with minimum values at 00 and
06 UTC and maximum ones at 12 and 18 UTC. Below 950 hPa the
speci�c humidity maximum is at 06 UTC, presumably due to the v ery
high relative humidity occur with morning fogs, and the mini mum is
at 12 UTC because convective turbulent mixing transports drier air
from higher to lower levels.

� PW diurnal variability is also coherent with the diurnal var iability of
temperature, with minimum values at 00 and 06 UTC and maximum
ones at 12 and 18 UTC.

� 60% of PW diurnal variability is controlled by humidity diur nal
variations in the vertical interval 800{900 hPa and 80% at 800{
1000 hPa.

Above the water (sea, lakes):

� The main inducers above the sea are the sea breeze during the
daytime with its descending air
ow, and the land breeze at night with
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ascending air; minimum values are at 12 and 18 UTC, and maximum
ones at 00 and 06 UTC.

� PW diurnal variability falls to a minimum at noon, from 12 to 1 8 UTC,
and rises to a maximum at night from 00 to 06 UTC.

� 40% of PW diurnal variability is controlled by diurnal varia tions
in humidity at the vertical interval 900{1000 hPa and 60% at 800{
1000 hPa.
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