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A LIST OF SOME OF THE ACRONYMS USED 
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1. INTRODUCTION 
 
The column humidity content of the atmosphere, expressed as the integrated 
column of water vapour in the zenith direction, usually called integrated 
precipitable water vapour (IPWV), or just precipitable water (denoted W in 
equations and figures), is a fundamental quantity for all atmospheric sciences. 
The unit, mass per unit area, is in meteorological practice usually given as the 
thickness (height) of the layer of liquid water that would be formed if all the 
water vapour in the zenith direction were condensed at the surface of a unit 
area, hence a 1 mm layer corresponds to 1 kg/m2 (Reitan, 1960, IPCC, 2007). 

Water vapour is the most important greenhouse gas, contributing to about 
60% of the natural greenhouse effect; carbon dioxide accounts for just 26%, and 
ozone for 8% (Maurellis and Tennyson, 2003). In contrast to other greenhouse 
gases, water vapour has a much higher temporal and spatial variability which is 
not well observed, neither is it fully understood (Jacob, 2001, Wagner et al., 
2006). 

Water vapour strongly modulates the propagation of solar and terrestrial 
radiation and plays a crucial role in the Earth’s radiation budget. Besides this, 
water vapour also has a significant influence on the accuracy of satellite 
monitoring information regarding surface properties (satellite images), GPS 
applications, describing hydrological cycle, analysis of transmittance of the 
direct solar radiation, etc. 

Changes in the atmospheric moisture budget as well as cloud coverage and 
properties belong to key factors controlling the strength of future Arctic climate 
change (Sorteberg et al., 2007). Accurate information on the air moisture is also 
essential for monitoring the Arctic climate: uncertainties in the water vapour 
content cause errors in satellite-based observations on the surface temperature, 
albedo (Aoki et al., 1999) and sea ice concentration (Kaleschke et al., 2001). 

During recent decades, a strong improvement has been witnessed in the 
accuracy of atmospheric model analyses, re-analyses, and forecasts (Simmons 
and Hollingsworth, 2002, Uppala et al., 2005). Due to changes in models and 
data assimilation systems, operational analyses do not provide a consistent long-
term data set on the atmospheric moisture budget. Reanalyses, however, based 
on the utilization of the same model and data assimilation procedure, are better 
in this respect. The potential of reanalyses in investigations of the Arctic 
moisture budget was realized by Walsh et al. (1994) already before the first 
reanalyses became available. Several reanalyses are presently available. 
Motivation for selecting ERA-40 reanalysis for the present study is given in 
Section 2.1 of the appended publication D. 

The objective of this thesis is to present: 
• accuracy estimation for radiosonde measured precipitable water; 
• comprehensive picture of spatial and temporal variability of precipitable 

water in the Baltic Sea region and, more generally, the region northward 
55°N; 
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• overview of humidity transport in the region northward 55°N; 
• regional trends in IPWV in the region northward 55°N; 
• trends for IPWV averages and related parameters of the region northward 

70°N. 
 
This thesis is organized as follows. Chapter 2 gives a short overview of 
available methods for precipitable water estimation. In Chapter 3, accuracy 
estimation for radiosonde measured precipitable water is given. In Chapter 4, an 
overview of used databases and calculation equations are given. Chapter 5 
discusses the spatial variability of precipitable water, both for the Baltic Sea 
region and for the region north of 55°N. A parameterization equation for the 
Baltic Sea region using surface water vapour pressure is given. Interannual and 
diurnal variability of precipitable water is discussed in Chapter 6. Chapter 7 
comprises the moisture meridional flow, Chapter 8 contains conclusions, 
Chapter 9 summarizes the appended publications and Chapter 10 contains 
summary in Estonian. 
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2. METHODS FOR PRECIPITABLE  
WATER ESTIMATION 

 
The oldest and most fundamental method for the IPWV measurements is 
integration of radiosonde vertical humidity profiles. Radiosondes have been 
used for a long period and in principle, a long continuous data set is available. 
However, it should be noted that the changes in the radiosondes humidity 
sensors diminish the continuity of the IPWV time series from about 1980 
backwards. In reanalyse models, timeseries of older types of humidity sensors 
are adjusted. 

The number of measurement techniques for observations of IPWV increased 
considerably in the 1990s and now includes ground-based and space-borne 
optical soundings and microwave radiometry, as well as propagation delay 
estimation using ground-based GPS data. The modern techniques enable a high 
temporal resolution (from seconds to minutes). It has been shown that GPS, 
radiosonde and microwave radiometer measurements of IPWV are in 
reasonable agreement with each other (Bouma and Stoew, 2001, Güldner, 2001, 
Dai et al., 2002). 

The amount of precipitable water has significant correlation with several 
meteorological parameters measured near the underlying surface: partial 
pressure of water vapour, dew-point temperature, air temperature, relative 
humidity, etc. Simple linear regression with partial pressure of water vapour 
gives the best approximation for the IPWV in Estonia, Tallinn (Okulov et al., 
2002). 

 

4



14 

3. ACCURACY IN RADIOSONDE MEASURED 
PRECIPITABLE WATER ESTIMATIONS 

 
In this chapter, the uncertainty of the IPWV is estimated, measured by the 
modern Vaisala RS 90 sensor. Uncertainty estimation is made according to the 
ISO Guide to the Expression of Uncertainty in Measurement (abbreviated 
GUM) (Kirkup and Frenkel, 2006). 
Precipitable water W is defined as: 

 ∑∫ ∆⋅≈⋅=
i

ii

z

z

zzazzaW )(δ)(
1
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, (3.1) 

where a(z) is absolute humidity at an altitude z. This equation is equal with 
equation 
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where g is acceleration due to the gravity and q(p) is specific humidity at a 
pressure level p. The W content in a vertical interval ∆pi is: 
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Standard uncertainty u(∆Wi) of the humidity content ∆Wi in the interval ∆pi is: 
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Next an assumption is made that difference in the specific humidity is 
negligible between pressure levels pi and pi + u(pi). Consequently, summation 
over the whole vertical profile does not depend on the actual vertical location of 
levels, so it can be stated that 

 0)( =∆ ipu , (3.5) 

and equation (2.4) reduces to a simple form: 
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Next an assumption is made that the relative uncertainty in specific humidity is 
constant in the whole profile. Thus the relative uncertainty in the precipitable 
water is equal to the relative uncertainty in the specific humidity: 
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Specific humidity q (kg/kg) is given as: 
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where the water vapour pressure e and barometric pressure p are in hPa. 
Standard uncertainty of specific humidity u(q) is: 
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Saturated water vapour pressure depends on whether it is calculated with 
respect to water or with respect to ice. According to the World Meteorological 
Organization (WMO) suggestion (WMO, 1988), the saturated water vapour 
pressure is calculated at all temperatures with respect to water. For water vapour 
pressure e (hPa) calculation the Magnus type equation (Aruksaar et al., 1964) of 
temperature T (K) and relative humidity RH is used: 

 RH101078.6)RH,( 45.33
92805.2066567.7

⋅⋅= −
−⋅

T
T

Te . (3.10) 

Standard uncertainty u(e) of water vapour pressure is: 
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The manufacturer of the Vaisala RS 90 sensors has estimated the standard 
uncertainties in atmospheric pressure p, temperature T and relative humidity RH 
as follows (Antikainen et al., 2002): 

 %.5.2)RH(u   K,25.0)(   hPa,75.0)( === Tupu  (3.12) 

For example, assuming fixed conditions 

 %70RH   C,10   hPa,1000 === oTp , (3.13) 

water vapour pressure e = 8.59 hPa and its standard uncertainty u(e) = 0.34 hPa; 
specific humidity q = 5.36 g/kg and its standard uncertainty u(q) = 0.21 g/kg. 
According to Equation 3.7, relative standard uncertainty in the precipitable 
water is u(W)/W = 0.04 and the relative expanded uncertainty in the precipitable 
water at 95% confidence level is 8% (2 mm for average value IPWV = 25 mm). 
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The uncertainty depends on relative humidity rather than on temperature. For 
relative humidity RH = 90%, the relative expanded uncertainty in IPWV is 7%, 
but for RH = 30%, the relative expanded uncertainty in IPWV is 17%. in 
comparison, GPS measured IPWV expanded uncertainty at 95% confidence 
level is also estimated to be 2 mm (Emardson et al., 1998, Tregoning et al., 
1998). 
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4. DATA 
 
This thesis is based on the three IPWV databases: 

• radiosonde measured data, 
• GPS measured data, 
• ERA-40 reanalysis data. 

 
 

4.1. Radiosonde measured data 
 
Night-time radiosonde reports at 00 UTC from 17 aerologic stations from 1989 
to 2002 in the Baltic Sea region were used to obtain values of IPWV. The 
northernmost site, the Finnish station at Sodankylä (67.37°N), is located just 
beyond the polar circle (66.6°N), while the southernmost location, the Polish 
station at Wroclaw (51.79°N), is situated 15.58° (1730 km) southward. 
Actually, there are more stations in this region (e.g. Pskov), but they were 
excluded because their time series are too inhomogeneous or short, or they do 
not have observations at 00 UTC. Radiosondes are usually launched twice daily, 
at 00 UTC and 12 UTC. We omitted the 12 UTC because the set of 12 UTC 
soundings is less complete and the diurnal cycle of IPWV is usually weak 
compared to the overall value of IPWV (Güldner and Spänkuch, 1999). The 
practice to confine the analysis to 00 UTC observations has also been applied 
by Ross et al. (2002), who examined radiosonde data for 150 stations in the 
USA and Canada. 

In this work, sounding profiles in the low vertical resolution WMO TEMP 
format were used, accessible for public use at the website of the University of 
Wyoming (http://www.uwyo.edu). Soundings with at least 14 levels were 
considered; usually 15–30 levels were represented. For each sounding, 
precipitable water is already calculated and presented on the website. The 
author of the present thesis found that the relative difference due to the use of 
low vertical resolution data instead of high vertical resolution data (100–500 
observational levels) in numerical vertical integration is usually less than 2%, 
thus less than the error of the device. 
 
 

4.2. GPS measured data 
 
GPS measured data used in this paper was gathered from 21 Swedish stations 
(SWEPOS) from 1996 to 2005, 10 Finnish stations (FINNREF) from 1997 to 
2005 and 1 Latvian station (Riga) from 1998 to 2005. This dataset was 
produced by Lidberg et al. (2007) with temporal resolution of 2 hours. For case 
studies of fast IPWV variations at Onsala (Sweden), a dataset produced by 
Johansson et al. (2002) with temporal resolution of 5 minutes was used. 

5



18 

The part of the zenith total delay (ZTD) caused by water vapour, the zenith 
wet delay (ZWD), was derived by subtracting the so-called zenith hydrostatic 
delay (ZHD) using values of the ground pressure interpolated from a numerical 
weather analysis as described by Gradinarsky et al. (2002). The conversion 
from ZWD to the IPWV used the model presented by Emardson and Derks 
(2000) which is based on the season (day of year) and the latitude of the site. 
The uncertainties in the GPS-measured IPWV values have many origins and 
span from white noise in fundamental carrier-phase observations to long term 
bias effects due to uncertainties in physical constants used in the conversions 
described above. A total root-sum-square error of GPS measured IPWV has 
been shown to be slightly above the 1-mm (Emardson et al., 1998, Tregoning et 
al., 1998). 
 
 

4.3. ERA-40 reanalysis data 
 
During recent decades, a strong improvement in the accuracy of atmospheric 
model analyses, re-analyses, and forecasts has been witnessed (Simmons and 
Hollingsworth, 2002, Uppala et al., 2005). Due to changes in models and data 
assimilation systems, operational analyses do not provide a consistent long-term 
data set on the atmospheric moisture budget. Reanalyses, however, based on the 
utilization of the same model and data assimilation procedure, are better in this 
respect. 

ERA-40 reanalysis data is produced by European Centre for Medium-Range 
Weather Forecasts (ECMWF). The ERA-40 reanalysis covers 44 full years from 
1958 to 2001, and is based on a forecast model at a T159 resolution 
(approximately 125 km in the horizontal). The temporal resolution is 6 h and 
the vertical resolution is 60 levels, more than half of which are in the 
troposphere. In this study, data from the lowest 27 levels of ERA-40 was 
applied (even after reducing, the raw data amount is more than 100 GB). The 
uppermost one is approximately at 300 hPa pressure level (about 9 km). The 
author of this thesis learned that the error caused by the reduced number of 
levels is about 1% for the vertically integrated water vapour. 

Specific humidity and northward wind for 27 lower levels and surface 
pressure were collected directly from the ECMWF data archive in a 1° by 1° 
grid covering the region 55–90°N. Air pressure at higher levels was calculated 
by ERA-40 model algorithm from surface pressure. IPWV and Meridional 
Moisture Flux (MMF) seasonal averages were calculated for each grid point for 
each level to fasten the following calculations. The area averages were 
calculated separately for the polar cap, 70–90°N, which allowed the author to 
compare the results directly with many previous studies. 

The water vapour data assimilated into ERA-40 are humidity profiles from 
radiosondes and, since 1979, raw radiances from a number of satellite 
instruments, e.g., the Vertical Temperature Profile Radiometer (VTPR) and 
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Special Sensor Microwave Imager (SSM/I) on board NOAA satellites and the 
High Resolution Infrared Radiation Sounder (HIRS/2 and HIRS/3) from both 
the TIROS Operational Vertical Sounder (TOVS) and Advanced TOVS 
(ATOVS). Bromwich et al. (2002, 2007) reported a systematic cold bias in 
ERA-40 over the Arctic during 1979–1996 due to assimilation of the High 
Resolution Infrared Radiometer (HIRS) data. The largest bias coincides with 
locations of sea ice. The bias was more pronounced in summer, and may have 
contributed to the anomalously high summer precipitation in the central Arctic 
(Serreze and Etringer, 2001). 

This study concentrates on water vapour; cloud liquid water and ice are not 
included. In polar regions, as an annual average, water vapour represents 
approximately 99% of the total water content (vapour, liquid, and ice) in the 
atmosphere (Tietäväinen and Vihma, 2008). 

Over snow- and ice-covered regions, remote sensing data on air humidity 
were, however, not assimilated to ERA-40. This is due to the difficulties in 
distinguishing between the signals originating from the surface and the 
atmosphere. In the model, a fractional sea ice cover is allowed for each grid 
cell; the sea ice concentration is based on satellite measurements from the 
Special Sensor Microwave Imager (SSM/I) using two-dimensional variational 
data assimilation (Fiorino, 2004). The ice thickness is prescribed as 1.5 m, but 
there is no snow on top of the ice. The surface albedo is, however, prescribed to 
have a seasonal cycle typical of the snow albedo. Over the Arctic, the effects of 
data assimilation on the ERA-40 wind field arise from the surface pressure 
observations from drifting buoys and terrestrial stations, as well as from the 
satellite-based temperature profile data. With many new measurement 
campaigns in the Arctic during the International Polar Year from March 2007 to 
March 2009, there is big hope to improve models. For example, within 
DAMOCLES (Developing Arctic Modelling and Observing Capabilities for 
Long-term Environmental Studies), the atmospheric boundary layer vertical 
profiling with tethersonde is a unique material for models validations (Gascard 
et al., 2008, Vihma et al., 2008). 
 
 

4.3.1. Moisture calculations from the ERA-40 data 
 
To calculate the total water vapour content, IPWV, numerical integrations of 
specific humidity, q (kg/kg) through an atmospheric column were made from 
surface pressure, p1, to the 27th level pressure, p27: 

 ∑=
−= 27

1

1 p

pi ii dpq
g

W , (4.1) 

where g is the acceleration due to gravity. 
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For the vertically numerically integrated meridional moisture flux MMF  
(kg m–1 s–1): 

 ∑ =
⋅−= 27

1

1MMF p

pi iii dpvq
g

, (4.2) 

where v is the northward wind speed component. 
 
 

4.3.2. Selection of the study period of ERA-40 data 
 
The time series of the annual averages over the polar cap (70–90°N) of IPWV 
and four closely related atmospheric parameters (2 m air temperature t, 
precipitation P, evaporation E, and net precipitation P–E) are presented in 
Figure 1. The time series were divided in two periods: before the era of satellite 
data assimilation (1958–1978) and during the satellite era (1979–2001), and 
used the F-test to study the statistical significance of the linear trends. 
Coefficients of determination (R2) between the year and the variables (annual 
averages over the polar cap) are presented in Figure 1, and trends of the time-
series are presented in Table 1. 

For the whole period (1958–2001), the trends of all variables, except IPWV, 
are statistically significantly (95%) positive (Table 1). Before the satellite era, 
the trends in the IPWV, precipitation and net precipitation are statistically 
significantly positive, while there is no significant trend in air temperature and 
evaporation. During the satellite era, the only significant trend is found in the 
2 m air temperature. Previous studies based on ERA-40 for partly different 
regions have indicated that there is no significant trend in IPWV for 1958–2001 
at 60–90°N (Rinke et al., 2008), and no significant trend in the net precipitation 
over the Arctic Ocean in 1979–2001 (Serreze et al., 2006). The change in the 
trends is supposedly caused by the change in the data assimilated to the model, 
as before 1979 there were no satellite data. 

Trend assessments from reanalysis are fraught with uncertainty (Trenberth et 
al., 2005, Trenberth and Smith, 2006, Serreze et al., 2007), and instead of 
quantifying trends, our purpose is to eliminate periods for which ERA-40 is not 
reliable enough. Trends in the study quantities show remarkable changes around 
1979, simultaneously with the beginning of assimilation of satellite data. The 
author cannot be sure how large a portion of these changes can be explained by 
the assimilation of satellite data and by decadal changes in the large-scale 
atmospheric circulation, and therefore adopted a careful approach and included 
in the analyses data from 1979 to 2001 only. 
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Figure 1. Time series of the annual averages of the IPWV (mm), 2 m air temperature t 
(°C), precipitation P (mm/year), evaporation E (mm/year), and net precipitation P–E 
(mm/year) for polar cap (70–90°N). The coefficient of determination (R2) is marked for 
periods 1958–1978, 1958–2001, and 1979–2001. 
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Table 1. Trends of time series of annual average IPWV, 2 m air temperature, 
precipitation, evaporation and net precipitation over polar cap (70–90°N). Statistically 
significant (95% confidence level) trends are marked in bold 

Variable Unit 1958–1978 1979–2001 1958–2001 
IPWV mm 0.024 0.011 0.005 
Temperature °C 0.021 0.035 0.024 
Precipitation mm/year 4.090 –0.311 1.238 
Evaporation mm/year 0.175 0.035 0.476 
Net precipitation mm/year 3.915 –0.346 0.761 
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5. SPATIAL VARIABILITY OF PRECIPITABLE 
WATER 

 
The average planetary mass of atmospheric water vapour is estimated to be 
13.1·1015 kg (Peixoto, 1992). Dividing it by the Earth surface area, the planetary 
average value of precipitable water is IPWV = 25 mm. In Estonia the IPWV 
values range from about 1 mm (cold dry winter weather) to about 40 mm (warm 
damp weather). For comparison, in Calcutta (South India, 22.66°N, 88.46°E), 
the maximal value of IPWV = 94.9 mm was observed on 16 July 2003. 

Spatial variability in the precipitable water generally depends on the latitude. 
This is due to the northward decrease in air temperature, which controls the 
atmospheric capacity to contain water vapour. In addition, spatial variability 
depends on orography, continentality, underlying surface type (land, water or 
ice), atmospheric circulation, the properties of the underlying surface, etc. 

Intergovernmental Panel on Climate Change (IPCC, 2007) states that water 
vapour concentration in the atmosphere mainly depends on air temperature. The 
authors of this thesis calculated seasonal correlations between surface 
temperature and IPWV and found that from ERA-40 data the relation does not 
apply to all seasons and all regions. In autumn and winter, the correlations were 
quite high, with average correlation R = 0.8 and minimal correlations still R = 
0.5. In spring and summer, the correlations were smaller, with average 
correlation in spring R = 0.7 and in summer R = 0.6. Minimal correlations were 
in summer even slightly negative, for example in Labrador Sea. Still, further 
conclusions on this topic cannot be made, as there is cold bias in ERA-40 over 
the Arctic from 1979 to 1996 (Bromwich et al., 2002, Bromwich et al., 2007). 
For analyzing connection between IPWV and temperature, better databases are 
needed. 

Summer IPWV distributions in the Baltic Sea region from both radiosonde 
and GPS measurements are presented in Figure 2. Radiosonde measurements 
were taken from 1989 to 2002 from 17 stations, and GPS measurements from 
1996 to 2005 from 32 stations. The distribution of radiosonde stations is very 
sparse and most of the stations are close to the sea, so the corresponding isolines 
do not describe well the differences between inland areas and shore areas. The 
distribution of GPS stations in Sweden and Finland is reasonably dense. In 
Figure 3 IPWV seasonal distribution is presented in the region 55–70°N and 3–
33°E from ERA-40 reanalysis taken from 1979 to 2001. Summer isolines, 
calculated by all three methods (radiosonde, GPS, ERA-40), are in reasonably 
good agreement with each other; major discrepancies occur with radiosonde 
data, supposedly due to the sparse distribution near the Gulf of Bothnia. The 
agreement between reanalysis data and measured data gives proof to the 
correctness of ERA-40 reanalysis IPWV in the Baltic Sea region and enables to 
analyze IPWV spatial variability on the basis of ERA-40 data only. 
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Figure 2. The summer (JJA) IPWV (mm) isolines for the Baltic Sea region from (a) 
radiosonde measurements and (b) GPS measurements. 
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Figure 3. Seasonal IPWV (mm) isolines for the Baltic Sea region from the ERA-40 
reanalysis for (a) MAM, (b) JJA, (c) SON and (d) DJF. 
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The minimal IPWV values occur in the highest areas of the Scandinavian 
Mountains (up to 2469 m) with IPWV summer average values less than 14.5 
mm and winter average values less than 5 mm. In summer, the maximal average 
IPWV exceeds 24 mm in the more continental south-eastern part of the region. 
In winter and autumn, the maximal average IPWV values exceed 10.5 and 17 
mm respectively in the more maritime south-western part of the region. In the 
radiosonde measurements area, the isolines are quite zonal and uniformly 
distributed, which enables the calculation of the seasonal averages in the region 
only from latitude (analyzed in section 5.1). 

In all seasons, the IPWV isolines in the Scandinavian Mountains comply 
with orography well, with lower values at higher altitudes. In lower regions 
(above water, the Baltic states, Finland, southern Sweden), the isolines’ shape is 
controlled by latitude and also by the continentality of the area and the type of 
underlying surface. The IPWV in the Atlantic sector increases due to the 
heating effect of the North Atlantic Current in colder seasons. The difference in 
the location of the maximum IPWV seasonal average can be explained with the 
difference in the continentality. In the Atlantic sector, the annual temperature 
range is fairly small (Serreze and Barry, 2005). Accordingly, IPWV range there 
is also small. For that reason, summer values in IPWV are smaller than in more 
continental areas at the same latitude, while winter values are higher than in 
more continental areas. 

Seasonal distribution of IPWV for the region of 55–90°N from 1979 to 2001 
is presented in Figure 4. Naturally, IPWV values decrease towards Pole. The 
isolines of IPWV are prolonged in the Canada-Siberia axis during all seasons, 
with the maximum asymmetry in winter, while the heat and moisture sources in 
the Atlantic and Pacific Oceans ensure the high level of IPWV. In summer, the 
asymmetry decreases due to enhanced evaporation over warm land surfaces 
(Walsh et al., 1994). Higher values are in the Atlantic sector; only in summer, 
the highest values along a latitudinal belt occur in continental Europe and 
western Asia. The smallest values are in Greenland, where the average value of 
IPWV is below 4 mm even in summer. This is due to the high altitude with low 
temperatures. 

7
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Figure 4. Seasonal averages of IPWV (mm) from ERA-40 reanalysis for 1979–2001 for 
(a) MAM, (b) JJA, (c) SON and (d) DJF. 
 
 

5.1. Seasonal precipitable water versus latitude  
in the Baltic Sea region 

 
In order to study the southward increase of precipitable water, radiosonde 
measured IPWV values were averaged over the four seasons: spring (MAM), 
summer (JJA), autumn (SON) and winter (DJF). Apparently, due to the 
relatively small north–south extent of the Baltic Sea region, a simple linear fit 
was found to express the dependence of seasonal averages of IPWV on the 
latitude degree φ. A linear expression for each season is given in Figure 5. 
Scatter of seasonal averages from the linear fit is greatest in summer and winter 
(coefficient of determination R2 = 0.67 and 0.86 respectively). During these 
seasons, the proximity of two different environments – oceanic and continental 
– especially affects the properties of air, resulting in deviation from the average 
latitudinal trend. Another factor affecting humidity is the extent of the Baltic 
Sea in the meridional and zonal directions, which precludes uniform spatial 
variations of air temperature and humidity in the region (Mietus, 1998). In 
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February the intensity of average air flow over the Baltic Sea region starts to 
decrease. In April and May, due to the weakened Icelandic Low, the Atlantic air 
flow is very weak, the pressure pattern above the area becomes irregular and air 
moves even from east to west (Mietus, 1998). The atmosphere over the region is 
well mixed and the latitudinal trend describes meridional changes of IPWV with 
high rate of determination (R2 = 0.93). Autumn (SON) in the Baltic Sea region 
is characterised by strong winds (Mietus, 1998). The atmosphere over the 
region is again well mixed and a linear trend describes meridional changes of 
IPWV with high rate of determination (R2 = 0.94). 
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Figure 5. Average seasonal precipitable water as a function of geographical latitude φ, 
1989–2002. Error bar is standard deviation between single monthly averages and 
average seasonal value. The linear equations between latitude φ and seasonal average 
precipitable water are given. Coefficient of determination R2 evaluates applicability of 
the linear formula. 
 
 

5.2. Precipitable water versus surface water  
vapour pressure and the latitude degree  

in the Baltic Sea region 
 
According to an analysis performed by Okulov et al. (2002), a linear expression 
between IPWV and midday (12 UTC) surface water vapour pressure e0, 

 IPWV = a e0 + b, (5.1) 

appeared to be the best fit between precipitable water and surface humidity 
parameters in Tallinn. The author generalised this result for the Baltic Sea 
region considering coefficients a and b as linear functions of latitude φ. The 
coefficients were found by applying the least square method to more than 60 
000 soundings from 17 stations during 1989–2002: 

 a = – 0.0089φ + 2.16, (5.2) 

 b = 0.132 φ – 7.4, (5.3) 
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which leads to a two-parameter all-seasons formula for the approximate 
calculation of single values of the IPWV: 

 IPWV = 2.16e0 – 0.0089 e0φ + 0.132 φ – 7.4, (5.4) 

where the IPWV is in mm, e0 is the midnight (00 UTC) surface water vapour 
pressure in hPa and φ is latitude in degrees. Using this formula, standard 
deviations in IPWV are only 3.3–4.6 mm (18–22%) in summer, 2.6–4.0 mm 
(23–25%) in autumn, 2.4–3.4 mm (21–28%) in spring and 2.0–3.4 mm (31–
34%) in winter. 
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6. TEMPORAL VARIABILITY OF PRECIPITABLE 
WATER 

 
6.1. Seasonal variability of precipitable water 

 
Average values of IPWV from ERA-40 data for polar cap (70–90°N) are 4.0 
mm in spring, 12.3 mm in summer, 5.5 mm in autumn and 2.4 mm in winter, so 
there is more than 5 times difference in summer and winter average values. 

Seasonal variability in IPWV strongly depends on the location (Figure 6a). 
Higher variability (summer average more than 5 times the winter average) takes 
place in a region covering Canada except the Rocky Mountains, the Arctic 
Ocean and Siberia. The variability is highest – more than 11 times – in the 
region south of Yakutsk, where in summer the average value exceeds 20 mm, 
while in winter the average value is 1–2 mm. Smaller (less than 5 times) 
variability occurs over the Atlantic Ocean, Europe, southern Greenland, the 
Bering Sea, Alaska, and the Rocky Mountains in Canada. The variability is 
smallest – less than 2 times – in the Scottish region, where all seasonal averages 
are in the range of 10–20 mm. The IPWV mean values are fairly similar in the 
transition seasons: in the whole study area, the autumn values are 1.3 ± 0.2 
times higher than the spring ones (Figure 6b). This shows that local factors, 
such as latitude, altitude, and surface type do not play a significant role for the 
autumn and spring ratio in IPWV (in contrast to the summer and winter ratio). 

 

 
Figure 6. (a) Summer precipitable water W(JJA) divided by winter W(DJF) and (b) 
autumn precipitable water W(SON) divided by spring W(MAM). Note the differences 
in the scales. 
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6.2. Interannual variability of precipitable water 
 
Interannual standard deviations in IPWV from ERA-40 data are presented in 
row 2, Figure 7 and are quite similar to the IPWV seasonal average maps (row 
1, Figure 7). In most regions, coefficients of variations of IPWV (row 3, 
Figure 7) range from 5% to 10% in summer and from 10% to 20% in winter. 
 

 
 
Figure 7. Seasonal values of (row 1) precipitable water IPWV (mm), (row 2) 
interannual seasonal standard deviation of IPWV (mm), (row 3) coefficient of variation 
of IPWV and (row 4) statistically significant trend in IPWV. Columns correspond to 
seasons (MAM, JJA, SON and DJF). All calculations apply to the period of 1979–2001. 
 
 
There is no significant trend (at the confidence level 95%) in the time series of 
the annual averages of IPWV over the polar cap (70–90°N) (Figure 1). 
However, there are regions with significant trends. Statistically significant 
seasonal trends in IPWV at the confidence level 95% are presented in row 4, 
Figure 7. Areas without significant trend are given in grey; significantly 
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positive trends are given in red colours and significantly negative areas in blue 
colours. Most of the areas with significant trends are small and it is not certain 
whether these trends reflect real processes or are artificially produced by 
reanalysis process. Larger areas with significantly positive trend are in summer 
in the Queen Elizabeth Islands and in autumn in the North Atlantic Ocean and 
Southern Greenland. Larger significantly negative trend area is in Chukotka and 
the Chukchi Sea. Both positive and negative trends are mostly in range of 0.02 
to 0.1 mm per year. The positive trends are quite small compared to the average 
values in these regions. Winter negative trend is, however, relatively very big, 
as change during the analyzed 23 years is in range of 0.5 to 2.3 mm, that is in 
the same order with the region winter average – in range 2 to 4 mm. For further 
conclusions, this result should be validated against measured values or some 
other reanalysis data. 
 
 

6.3. Diurnal variability of precipitable water 
 
Factors influencing the diurnal changes of IPWV are divided into two groups. 
The fast and extensive but irregular IPWV variations are due to changes in 
synoptic situation and the substitution of air masses above the GPS site leading 
to rapid and large (more than 10 mm) variations in the vertical profiles of water 
vapour. However, these kind of abrupt changes are very rare, in Onsala, there 
were only some cases per year with IPWV change more than 10 mm during 6 
hours. Small, regular diurnal variations of IPWV are driven by the diurnal cycle 
of solar radiation linked with the evapotranspiration processes in the atmosphere 
and on the underlying surface, and by local air circulation. 
 
 

6.3.1. Regular diurnal variability 
 
In order to study the seasonal dependence of the regular diurnal variations in 
IPWV, the dataset was divided into four seasons: spring (MAM), summer 
(JJA), autumn (SON) and winter (DJF). For each of N = 32 GPS-stations their 
average diurnal evolution of IPWV was calculated. 

Station diurnal anomalies together with the average diurnal anomalies over 
all stations and the average IPWV values, <W>, for the entire region, are 
presented in Figure 8. 
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Figure 8. Grey lines: the IPWV seasonal average diurnal anomalies for the 32 GPS 
stations. Black lines: averages over all the 32 stations; <W> is the seasonal average of 
IPWV for the region (over all stations and hours). 
 
 
In spring and summer the average diurnal anomaly ∆WUTC has a regular, almost 
sinusoidal pattern (bold lines in Figure 8). The average daily cycle peaks at 14 
UTC (about 15:20 Local Solar Time at the region’s central meridian, 21°E) and 
exceeds the daily average by only 0.25 mm in spring and 0.33 mm in summer 
(Table 2). The lowest IPWV values typically occur between 00 and 04 UTC. 
They are 0.26 mm and 0.31 mm below the daily average in spring and summer 
respectively. 

Seasonal standard deviation of the IPWV diurnal cycle is only 0.08 mm in 
spring and 0.16 mm in summer. These values are small compared to the average 
PtP values (0.51 mm for spring and 0.64 mm for summer). Thus in spring and 
summer, the average diurnal cycle of IPWV can be used instead of a station’s 
individual cycle. 

In autumn the average diurnal PtP value of IPWV is 0.16 mm and in winter 
0.11 mm. Apparently, the smaller amplitude in the diurnal variation of 
incoming radiation and larger values of cloudiness in autumn and winter smooth 
both the temperature and the humidity differences between day and night, and 
therefore also the diurnal humidity cycles. The seasonal standard deviation of 
the IPWV diurnal cycle is 0.09 mm in autumn and 0.07 mm in winter. It seems 
reasonable to neglect the diurnal cycles in the IPWV in autumn and winter. 
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6.3.2. Extremal cases of the diurnal variability 
 
In this section, two cases of rapid changes (decrease and increase) in the IPWV 
are presented. These cases represent the most extreme changes in our database 
for Onsala, Sweden, from 1996 to 2005. 

On September 9, 1999, in 5 h 25 min (16:57–22:22 UTC) the IPWV 
decreased from 35 to 10 mm, i.e. by 25 mm with an average trend of about 5 
mm/hour (Figure 9a). This drop can be explained by a substitution of air masses 
over Onsala. Vertical profiles of the specific humidity, q (g/kg), for 18 UTC and 
00 UTC obtained at the nearby Landvetter airport (distance 37 km) show that 
during these six hours the humidity content decreased in the entire profile, 
especially between 1 and 4 km (Figure 10a). 

The NOAA HYSPLIT model (http://www.arl.noaa.gov/ready/hysplit4.html) 
backward trajectories demonstrate the different origin of air masses over 
Onsala. At 18 UTC, before the fast change, hot air with high humidity content 
originated from Western Europe. Afterwards, at 24 UTC, cold air with low 
humidity content originated from Greenland, Iceland, and the North Atlantic 
region. 

On August 10, 2000, in 6 h 20 min (00:27–06:47 UTC) the IPWV increased 
from 16 to 33 mm, i.e. by 17 mm with an average trend about 3 mm/hour 
(Figure 9b). Vertical profiles of the specific humidity, q, for 00 UTC and 12 
UTC obtained at the Landvetter airport show that during 12 hours the humidity 
content increased along the entire profile (Figure 10b). This increase can also be 
explained by a long range transport of air masses: warmer and humid air from 
Western Europe pushed out previous colder and drier air from Greenland, 
Iceland, and the North Atlantic region. 
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Figure 9. (a) Rapid decrease in the IPWV on September 9, 1999 and (b) increase on 
August 10, 2000. Diamonds represent GPS measured IPWV at the Onsala site with a 
temporal resolution of 5 min; circles denote IPWV measured by radiosondes at the 
Landvetter airport (distance 37 km). 
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Figure 10. Vertical profiles of the specific humidity q (g kg–1) at the Landvetter airport. 
Diamonds (connected with solid lines) show the earlier profiles before the substitution 
of air masses, circles (dashed lines) show the profiles for the new air masses. (a) 
September 9, 1999 and (b) August 10, 2000. 
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7. MERIDIONAL MOISTURE FLOW 
 
The moisture transport to the Arctic is governed by the large-scale circulation 
patterns. The mid-tropospheric large-scale circulation in the Arctic is 
characterized by the polar vortex, which in winter is strong and asymmetric, 
with major throughs in northeastern America and eastern Asia (Serreze and 
Barry, 2005). The polar vortex becomes weaker and more symmetric during 
spring and summer. At sea level, the average winter circulation is dominated by 
the Icelandic Low, the Aleutian Low, and the Siberian High, while in summer 
the large-scale circulation is much weaker. The average meridional circulation 
north of approximately 50°N is related to the Polar cell characterized by 
ascending motion in the subpolar latitudes (50–70°N), descending motion over 
the pole, poleward motion aloft, and equatorward motion near the surface. The 
Polar cell is, however, asymmetric, much weaker, and much more disturbed by 
transient eddies than the Hadley and Ferrell cells. The average zonal and 
meridional circulations are also strongly affected by the Arctic Oscillation (Boer 
et al., 2001). 

Seasonal distribution of vertically integrated meridional moisture flux MMF 
is presented in row 1, Figure 11. Average seasonal average values for polar cap 
are from 3.2 kg m–1 s–1 in winter to 7.0 kg m–1 s–1 in summer (positive marks 
northward). The MMF values are highest in summer because of abundance of 
moisture (Sorteberg and Walsh, 2008). Major northward MMF takes place in 
the Atlantic section and the North Pacific Ocean. The peak northward transport 
in the Atlantic section is primarily due to high average specific humidities and 
the frequent advection of moisture by transient eddies (Serreze et al., 1995a, 
Serreze et al., 1995b). Major southward MMF takes place in the Canadian 
sector, especially in summer, but in total, it is much weaker than the northward 
transport. In all seasons, there is a notable clockwise transport of moisture 
around Greenland. 

Seasonal contributions into yearly average moisture transport to the Arctic 
cap were higher in summer (36%) and autumn (26%) and lower in spring (20%) 
and winter (18%). These results coincide very well, within 2% in every season, 
with Dickson et al. (2000), based on rawinsonde dataset, and Sorteberg and 
Walsh (2008), based on NCEP/NCAR reanalysis. This support Bromwich et al. 
(2002): all reanalyses show the same seasonal cycle in the meridional moisture 
transport. Satellite-based seasonal cycle for 1980–1993 found by Groves and 
Francis (2002) had considerably higher contribution in spring (25%), as in other 
seasons the contributions were some percent smaller than our values. 

Seasonal interannual standard deviations of MMF and coefficients of 
variation of MMF are presented in Figure 11 (rows 2 and 3 respectively). 
Interannual standard deviations of MMF are in the same order of magnitude as 
the averages, the coefficient of variation is mostly in range 0.2 to 5. Seasonally, 
the highest interannual variability is in summer and the smallest in winter. 
Regionally, similarly to the MMF averages, MMF interannual variation depends 
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greatly on location. MMF interannual variability is higher in the Atlantic sector 
and the North Pacific sector with interannual standard deviation up to 15 kg m–1 
s–1. The smallest interannual variability is in Greenland and in Hudson Bay: less 
than 3 kg m–1 s–1. 

 

 
 
Figure 11. (row 1) Meridional moisture flux MMF (kg m–1 s–1) seasonal average, 
(row 2) interannual standard deviation of MMF (kg m–1 s–1) and (row 3) coefficient of 
variation of MMF. Columns correspond to seasons (MAM, JJA, SON and DJF). All 
calculations are for the period of 1979–2001, positive transport is northward. 
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8. CONCLUSIONS 
 
Water vapour is the most important greenhouse gas, contributing to about 60% 
of the natural greenhouse effect. In contrast to other greenhouse gases, water 
vapour has a much higher temporal and spatial variability, which is not well 
observed, neither is it fully understood (Jacob, 2001, Wagner et al., 2006). 
Precipitable water values can differ even 100 times, ranging from below 1 mm 
in cold and dry winter in the Polar Regions to at least 95 mm measured in India 
in an extremely warm and humid region. In this thesis, the author has tried to 
clarify precipitable water, IPWV, variability in detail for the Baltic Sea region 
and more generally for the region northward 55°N. 

Spatial variability in the precipitable water depends generally on the latitude. 
This is due to the northward decrease in air temperature, which controls the 
atmospheric capacity to contain water vapour. In addition, spatial variability 
depends on orography, continentality, underlying surface type (land, water or 
ice), atmospheric circulation, the properties of the underlying surface, etc. 
(discussed in Paper D, and in Thesis Section 5). In the Baltic Sea region, 
seasonal average precipitable water depends mainly on the latitude, especially 
in transition seasons spring and autumn (discussed in Paper A, and in Thesis 
Section 5). 

Intergovernmental Panel on Climate Change states that water vapour 
concentration in the atmosphere mainly depends on air temperature (IPCC, 
2007). According to the ERA-40 reanalysis, however, this relation does not 
apply to all seasons and all regions, there were some regions with even negative 
correlation between IPWV and temperature in summer. As there is cold bias in 
the ERA-40 over the Arctic from 1979 to 1996 (Bromwich et al., 2002, 
Bromwich et al., 2007), better databases are needed for analyzing the 
relationship between IPWV and temperature. 

Temporal variability in precipitable water has been analyzed in different 
time scales – seasonal, interannual and diurnal variability. Seasonal variability 
is the largest – the highest values of IPWV are in summer and the smallest 
values are in winter. For the Arctic cap region, seasonal averages differ 5 times 
(discussed in Paper D, and in Thesis Section 6.1). Coefficient of variation in 
IPWV for the region northward 55°N ranges from 5% to 10% in summer and 
from 10% to 20% in winter (discussed in Paper D, and in Thesis Section 6.1). 
Diurnal variations of IPWV have sinusoidal pattern in spring and summer with 
the maximum in the afternoon and the minimum after midnight. The peak to 
peak value for the Baltic region is 0.5 mm in spring and 0.6 mm in summer. 
Regular diurnal variations of IPWV are without definite pattern in autumn and 
winter. Besides average variability in IPWV, abrupt changes in the synoptic 
situation can lead to rapid and large change (more than 10 mm during several 
hours) in the IPWV. However, these kinds of abrupt changes are very rare: in 
Onsala, there were only some cases per year with IPWV change more than 10 
mm during 6 hours (discussed in Paper B, and in Thesis Section 6.2). 

10
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For better understanding of moisture movements, vertically integrated 
meridional moisture flux, MMF, was analyzed. The MMF seasonal average 
values for polar cap range from 3.2 kg m–1 s–1 in winter to 7.0 kg m–1 s–1 in 
summer. The MMF values are highest in summer because of the abundance of 
moisture. Interannual standard deviations of MMF are in the same order of 
magnitude as the averages, the coefficient of variation is mostly in range of 0.2 
to 5. Major northward MMF takes place over the Atlantic and Pacific Oceans. 
The peak northward transport in the Atlantic sector is primarily due to high 
average specific humidity and the frequent advection of moisture by transient 
eddies. Major southward MMF takes place in the Canadian sector, especially in 
summer, but in total, it is much weaker than the northward transport in the 
Atlantic sector. Seasonal contributions to the yearly average moisture transport 
into the Arctic cap were higher in summer (36%) and autumn (26%), and lower 
in spring (20%) and winter (18%) (discussed in Paper D, and in Thesis Section 
7). 
 
The results of this thesis are as follows: 

• Accuracy in radiosonde measured IPWV is estimated to be 8% at the 
confidence level 95%. Thus for the average value IPWV = 25 mm, 
expanded uncertainty is 2 mm, equal to accuracy estimations for GPS-
measured IPWV. 

• It has been shown for the Baltic Sea region that the three methods 
(radiosonde, GPS, ERA-40) for IPWV are in reasonably good agreement 
with each other. 

• The isolines of IPWV are prolonged in the Canada-Siberia axes during all 
seasons, with the maximum asymmetry in winter, when the heat and 
moisture sources in the Atlantic and Pacific Oceans ensure the high level 
of IPWV. 

• Intergovernmental Panel on Climate Change states that water vapour 
concentration in the atmosphere mainly depends on air temperature. 
According to the ERA-40 reanalysis, however, this relation does not 
apply to all seasons and all regions. As there is cold bias in the ERA-40 
over the Arctic from 1979 to 1996, better databases are needed for the 
relationship between IPWV and temperature. 

• The isolines of IPWV in the Baltic Sea region are quite zonal and 
uniformly distributed. 

• Parameterization equation for seasonal average IPWV from the latitude 
degree for the Baltic Sea region is given. 

• Parameterization equation for present IPWV from surface water vapour 
pressure and the latitude degree for the Baltic Sea region is given. 

• Temporal variability is divided into three components – seasonal, 
interannual and diurnal components. The highest component is seasonal 
variability – the difference between IPWV summer and winter averages 
is from 2 times to 11 times, depending on locations. The highest seasonal 
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variability in IPWV is in Yakutsk region and the smallest is in the 
Scottish region. 

• Coefficients of interannual variations of IPWV range from 5% to 10% in 
summer and from 10% to 20% in winter. 

• Diurnal average cycle in the IPWV is sinusoidal in spring and summer 
with peak to peak values of 0.5–0.6 mm. In autumn and winter, there is 
no clear diurnal cycle in the IPWV. 

• Abrupt changes in the synoptic situation can lead to rapid and large 
change (more than 10 mm during several hours) in the IPWV. 

• Major northward MMF takes place over the Atlantic and Pacific Oceans, 
major southward MMF takes place in the Canadian sector, especially in 
summer, but in total, it is much weaker than the northward transport in 
the Atlantic sector. 

• Inter-annual standard deviations of MMF are in the same order of 
magnitude as the averages, the coefficient of variation is mostly in range 
of 0.2 to 5. 
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9. SUMMARIES OF APPENDED ARTICLES 
 
Paper A: Jakobson E, Ohvril H, Okulov O, Laulainen N. 2005. Variability of 
radiosonde-observed precipitable water in the Baltic region. Nordic Hydrology 
36: 423–433. 

Availability of surface humidity data allows a much better approximation of 
the IPWV already using a linear function of surface water vapour pressure, e0, 
and geographical latitude, φ. Standard deviations of this two-parameter 
approximation are considerably smaller compared with the one-parameter 
approximation. The standard deviations are 3.3–4.6 mm in summer (18–22% of 
the summer average) and 2.0–3.4 mm in winter (31–34%). In cases when more 
precise methods for the evaluation of IPWV (radiosounding, solar photometry, 
GPS, microwave radiometry) are not available, this approximation can be 
recommended for optical studies of atmospheric aerosol content. This 
approximation can also be used for compiling retrospective time series of IPWV 
even for historical periods when radiosondes were not yet available. 
 
Paper B: Jakobson E, Ohvril H, Elgered G. 2009. Diurnal variability of 
precipitable water in the Baltic region, impact on transmittance of the direct 
solar radiation. Boreal Environmental Research 14: 45–55. 

Diurnal variations of IPWV can be separated into two groups – the large 
irregular and small regular ones. The large variations in IPWV are related to 
changes in the synoptic situation and the substitution of air masses above the 
location of observations. As shown by the analysis of two extreme examples of 
abrupt changes in atmospheric humidity at the Onsala site, the IPWV total 
increase/decrease can reach even 25 mm during six hours. Concerning the 
Onsala site, there were only some cases per year with IPWV change in the 
IPWV that was larger than 10 mm during six hours. 

The average diurnal variability of the IPWV in the Baltic region, between 
56–70°N, is low, the maximal average station PtP value is in summer 1.4 mm at 
Borås. The seasonal average diurnal variation of IPWV has a sinusoidal pattern 
in spring and summer with the maximum in the afternoon and the minimum 
after midnight. The PtP value, for the region average IPWV cycle, is 0.5 mm in 
spring and 0.6 mm in summer. Regular diurnal variations of IPWV are without 
a definite pattern in autumn and winter, PtP values of the average IPWV cycle 
are only 0.1–0.2 mm. 
 
Paper C: Vihma T, Jaagus J, Jakobson E, Palo T. 2008. Meteorological 
conditions in the Arctic summer 2007 as recorded on the drifting ice station 
Tara. Geophysical Research Letters 35: L18706. DOI:10.1029/2008GL034681. 

This work is based on meteorological measurements in 35 Russian “North 
Pole” drifting stations (hereinafter called as “NP stations”) since the 1930s, in 
field campaign SHEBA (Surface Heat Budget of the Arctic Ocean) (Uttal et 
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al.,2002) during 1997–1998, and in the drifting ice station Tara (Gascard et al., 
2008) during 2006–2007. 

As SHEBA was located further south, the most interesting comparisons were 
those between Tara and the NP stations. The observations indicated that the 
melting season in the Arctic Ocean was at least twice as long at Tara in 2007 
than at the NP stations on average. This was preceded by a warm spring: 2 m air 
temperature in April 2007 was 7.0°C higher than the NP station mean. The July 
mean 2 m air temperature was equal (–0.2°C) at Tara and the NP stations. This 
is related to the fact that the surface and 2°m air temperatures are closely 
coupled via the sensible heat flux and longwave radiation (Vihma and Pirazzini, 
2005). If the air temperature tends to rise above 0°C, the heat will be used in 
melting snow and ice. If the air temperature tends to drop well below 0°C, the 
leads and melt ponds start to freeze, and the release of the latent heat will reduce 
the decrease of the air temperature. Hence the near-surface air temperature 
remains close to 0°C throughout the melting season, and is not a sensitive 
indicator for the climate change in the central Arctic, while the length of the 
melting season is a better indicator. 

In summer 2007 at Tara, at least at the altitudes of approximately 200–1000 
m, the Arctic atmosphere was warmer than at the NP stations in 1954–1985: at 
the height of 500 m the difference was 0.9°C. Taking into account the mean 
spatial temperature gradient between the locations of Tara and the NP stations, 
the temporal change has probably exceeded 1°C. On the basis of the ERA-40 
re-analysis, Graversen et al. (2008) concluded that in summers 1979–2001 the 
maximum climate warming in the Arctic took place at the altitudes of 
approximately 2–4 km. In the lowermost 1 km, Graversen et al. (2008) found a 
summer warming of 0.1–0.3°C per decade. Accordingly, both their and our 
studies suggest that the major Arctic warming in summer has taken place well 
above the ice surface. This urgently calls for more observations on the vertical 
structure of the atmosphere over the Arctic Ocean. 
 
Paper D: Jakobson E, Vihma T. 2009. On the atmospheric moisture budget in 
the Arctic according to ERA-40 reanalysis. International Journal of 
Climatology. Submitted. 

Variability in IPWV seasonal averages depends significantly on location. 
Higher (more than 5 times) variability is in zone covering Canada except the 
Rocky Mountains, Arctic Ocean and Siberia. Highest variability – more than 11 
times – is in Yakutsk region, where in summer the average value exceeds 20 
mm, while in winter the average value is 1–2 mm. Smaller (less than 5 times) 
variability is above Atlantic Ocean, Europe, southern Greenland, the Bering Sea 
and the Rocky Mountains in Alaska and Canada. Smallest variability – less than 
2 times – is in Scotland region, where all seasonal averages are in the range of 
10–20 mm. 

Transition seasons IPWV averages are relatively very similar, autumn values 
are 1.3 ± 0.2 times higher than spring ones in whole area (Figure 6b). This 

11



42 

shows that local factors do not play important role in transition seasons IPWV 
proportion, quite independently of the latitude, underlying surface type etc. 

The MMF values are highest in summer because of abundance of moisture. 
Major northward MMF takes place over the Atlantic and Pacific Oceans. The 
peak northward transport in the Atlantic sector is primarily due to high average 
specific humidities and the frequent advection of moisture by transient eddies. 
Major southward MMF takes place in the Canada sector, especially in summer, 
but totally, it is much weaker than the northward transport in the Atlantic sector. 
In all seasons, there is notable clockwise transport of moisture around 
Greenland. 
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10. SUMMARY IN ESTONIAN 
 
“Atmosfääri niiskussisalduse ajalis-ruumiline muutlikkus” 

Veeaur on kõige olulisem kasvuhoonegaas, andes ligikaudu 60% kasvu-
hoone efektist. Veeaur on erinevalt teistest kasvuhoonegaasidest ajaliselt ja 
ruumiliselt palju muutlikum, see on aga siiani korralikult läbi uurimata. 

Taandatud veekihi paksuseks ehk sadestatavaks veeauruks (Integrated 
Precipitable Water Vapour, IPWV) nimetatakse veehulka, mille võib saada 
vertikaalses atmosfäärisambas sisalduva kogu veeauru kondenseerimisel, 
ühikuks kgּm–2. Arvuliselt vastab sellele veekihi paksus millimeetrites. IPWV 
väärtused võivad varieeruda isegi 100 korda – minimaalsed väärtused on külma 
ja kuiva ilmaga alla 1 mm, maksimaalne teadaolev väärtus on aga 95 mm, 
mõõdetud India väga soojas ja niiskes piirkonnas. Käesolevas doktoritöös on 
uuritud IPWV muutlikkust Läänemere piirkonnas ning üldisemalt vööndis 55. 
laiuskraadist põhja pool. 

Sadestatava veeauru ruumiline varieeruvus sõltub üldiselt laiuskraadist – 
kõrgematel laiuskraadidel on madalam temperatuur ning õhku ”mahub” vähem 
veeauru. Lisaks sõltub see veel orograafiast, aluspinna tüübist (maismaa, vesi, 
jää), õhu tsirkulatsioonist jne. Läänemere piirkonnas sõltub sadestatava veeauru 
keskmine sesoonne väärtus peamiselt laiuskraadist, eriti ülemineku aasta-
aegadel, kevadel ja sügisel. 

Valitsustevahelise kliimamuutuste paneeli IPCC väitel sõltub sadestatava 
veeauru hulk atmosfääris peamiselt õhutemperatuurist. ERA-40 tagasianalüüsi 
mudeli põhjal aga see väide ei kehti kõikidel aastaaegadel kõikides 
piirkondades: suvel esineb isegi alasid, kus korrelatsioon sadestatava veeauru 
ning temperatuuri vahel on negatiivne. Kuna ERA-40 temperatuuriandmetes on 
Arktika piirkonnas aastatel 1979 kuni 1996 süstemaatline viga, on sadestatava 
veeauru ning temperatuuri vahelise seose analüüsimiseks vaja paremaid 
andmebaase. 

Sadestatava veeauru ajalist muutlikkust on antud töös analüüsitud erinevates 
ajaskaalades – ööpäevad, sesoonid ning aastad. Kõige suurem on sesoonne 
muutlikkus – vööndis 70. laiuskraadist põhja pool erinevad sesoonsed kesk-
mised väärtused 5 korda. Aastatevaheline IPWV variatsioonikoefitsient on 
vööndis 55. laiuskraadist põhja pool suvel enamasti 5% kuni 10% ja talvel 10% 
kuni 20%. IPWV kevadine ja suvine ööpäevane varieeruvus on sinusoidaalne, 
maksimumiga pärastlõunal ning miinimumiga pärast südaööd. Läänemere 
piirkonnas on ööpäevase varieeruvuse amplituud kevadel 0,5 mm ja suvel 0,6 
mm. Sügisel ja talvel puudub IPWV selge ööpäevane käik. Ilma järsu muutuse 
korral võib aga IPWV väärtus muutuda ka üle 10 mm ainult mõne tunni 
jooksul. Siiski, muutuseid üle 10 mm 6 tunni jooksul toimub väga harva, 
Onsalas (Rootsi) ainult mõned korrad aastas. 

Niiskuse horisontaalse transpordi mõistmiseks uuriti vertikaalselt 
integreeritud keskmist meridionaalset niiskuse voogu (Mean Meridional Flux, 
MMF). MMF sesoonsed keskmised väärtused piirkonnas 70. laiuskraadist põhja 
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pool on vahemikus 3,2 kg m–1 s–1 talvel kuni 7,0 kg m–1 s–1 suvel. MMF väär-
tused on suurimad suvel, sest siis on kõige rohkem niiskust. Aastatevaheline 
MMF standardhälve on samas suurusjärgus tema keskväärtusega, variatsiooni-
koefitsient on enamasti 0,2 kuni 5. Peamine põhjasuunaline niiskuse transport 
toimub Atlandi ookeani ja Vaikse ookeani sektorites. Atlandi sektori suur 
niiskuse transpordi maksimum on põhjustatud kõrgest keskmisest niiskusest 
ning sagedasest niiskuse advektsioonist mittestatsionaarsete keeriste poolt. 
Peamine lõunasuunaline niiskuse transport toimub Kanada sektoris, kuid on 
palju väiksem kui põhjasuunaline transport Atlandi sektoris. Sesoonsed panused 
aasta keskmisesse niiskuse transporti 70. laiuskraadist põhja poole on suuremad 
suvel (36%) ja sügisel (26%) ning väiksemad kevadel (20%) ja talvel (18%). 
 
Doktoritöö tulemused: 

• Raadiosondiga mõõdetud sadestatava veeauru IPWV suhteliseks 
täpsuseks usaldusnivool 95% oleme hinnanud 8%. Keskmise väärtuse 
IPWV = 25 mm puhul on seega laiendmääramatus 2 mm, sama suureks 
on hinnatud ka GPS meetodil mõõdetud IPWV laiendmääramatus. 

• Kolme meetodiga (raadiosond, GPS ja ERA-40) saadud IPWV on 
Läänemere regioonis omavahel heas kooskõlas. 

• IPWV isojooned on kõikidel aastaaegadel Kanada-Siberi sihis välja 
venitatud. Maksimaalne asümmeetria on talvel, kuna Atlandilt ja Vaikselt 
ookeanilt pärinev soojus ning niiskus hoiab IPWV väärtusi kõrgel. 

• Valitsustevahelise kliimamuutuste paneeli IPCC väitel (IPCC, 2007) 
sõltub IPWV hulk atmosfääris peamiselt õhutemperatuurist. ERA-40 
tagasianalüüsi mudeli põhjal aga see väide ei kehti kõikidel aastaaegadel 
kõikides piirkondades. Kuna ERA-40 temperatuuriandmetes on Arktika 
piirkonnas aastatel 1979 kuni 1996 süstemaatline viga, on IPWV ning 
temperatuuri vahelise seose analüüsimiseks vaja paremaid andmebaase. 

• Läänemere regioonis on IPWV isojooned üsna vööndilised ning ühtlaselt 
jaotunud. 

• Läänemere regiooni jaoks on leitud laiuskraadist sõltuv para-
meteriseerimisvalem sesoonikeskmise IPWV leidmiseks. 

• Läänemere regiooni jaoks on leitud maapealsest veeaururõhust ning 
laiuskraadist sõltuv parameteriseerimisvalem IPWV hetkeväärtuse 
leidmiseks. 

• IPWV ajalist muutlikkust on analüüsitud erinevates ajaskaalades – 
ööpäevad, sesoonid ning aastad. Sesoonne varieeruvus on kõige suurem, 
erinevus IPWV suviste ja talviste väärtuste vahel on sõltuvalt piirkonnast 
2 kuni 11 korda. Suurim sesoonse muutlikkuse piirkond on Jakuutia 
piirkonnas, väikseim Šotimaa piirkonnas. 

• Aastatevaheline IPWV standardhälve on vööndis 55. laiuskraadist põhja 
pool enamasti suvel 5% kuni 10% ja talvel 10% kuni 20%. 
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• IPWV ööpäevane käik on kevadel ja suvel sinusoidaalne, amplituudiga 
0,5–0,6 mm. Sügisel ja talvel puudub IPWV selge ööpäevane käik. 

• Ilma järsu muutuse korral võib IPWV väärtus muutuda väga kiiresti (üle 
10 mm mõne tunni jooksul). 

• Peamine põhjasuunaline niiskuse transport toimub Atlandi ookeani ja 
Vaikse ookeani sektorites, peamine lõunasuunaline niiskuse transport 
toimub Kanada sektoris, kuid on palju väiksem kui põhjasuunaline 
transport Atlandi sektoris. 

• Aastatevaheline niiskuse transpordi standardhälve on samas suurusjärgus 
tema keskväärtusega, variatsioonikoefitsient on enamasti 0,2 kuni 5. 

12
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