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Diurnal variations in the Integrated Precipitable Water Vapour (IPWV) are studied from
GPS observations acquired at 32 sites in the Baltic region during 1996-2005. The sea-
sonal means for spring and summer show a diurnal sinusoidal pattern of the IPWV with
the maximum value in the afternoon. The peak-to-peak (PtP) value of the average diurnal
IPWYV cycle was 0.5 mm in the spring and 0.6 mm in the summer. In the autumn and in the
winter the diurnal variations in IPWV show no clear patterns and the average PtP values of
the noise-like signal are only 0.2-0.3 mm. The diurnal IPWV cycle can only be estimated
by averaging data from many years because the IPWV can show fast and large varia-
tions, reaching up to 5 mm/hour during several hours. These are explained exclusively by
changes in the synoptic situation and substitution of airmasses above the location of obser-
vations; two case studies with analyses of the vertical humidity profiles are presented. The

impact on the transmittance of the direct solar radiation is evaluated.

Introduction

The humidity content of the atmosphere,
expressed as the integrated column of water
vapour in the zenith direction, usually called
integrated precipitable water vapour (IPWYV), or
just precipitable water (denoted W in equations
and figures), is an important input to environ-
mental models. 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 sur-
face of a unit area, hence 1-mm and 1-cm layers
correspond to 1 kg m? and 1 g cm™, respectively
(Reitan 1960, IPCC 2007).

Water vapour is the most important green-
house gas, contributing to about 60% of the natu-
ral greenhouse effect; carbon dioxide accounts
for just 26%, and ozone for 8% (Maurellis and
Tennyson 2003). Water vapour also has a sig-
nificant influence on accurate space geodesy
applications (Beutler et al. 1988, Solheim et al.
1999), e.g. studies of crustal dynamics. In con-
trast 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).

The number of measurement techniques for
observations of [IPWV has increased considera-
bly in 1990s and now includes ground-based and
space-borne optical soundings and microwave
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Fig. 1. GPS sites in the Baltic region from which
data were acquired and analysed (21 Swedish sta-
tions (SWEPOS) in 1996-2005, 10 Finnish stations
(FINNREF) in 1997-2005, 1 Latvian station (Riga) in
1998-2005). The summer (JJA) IPWV (mm) isolines
are given.

radiometry, as well as propagation delay estima-
tion 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 agree-
ment with each other (Bouma and Stoew 2001,
Giildner 2001, Dai et al. 2002).

In most countries, however, the classic bal-
loon-borne radiosounding remains the main rou-
tine method for monitoring of IPWV. An advan-
tage of this technique is of course that it provides
profile information not only for water vapour but
also for temperature and winds. This is the main
method for long term studies of IPWV before
1990. Due to high costs, the network of radio-
sonde stations is sparse and sondes are launched
usually only 1-2 times a day. The main launch-
ing time, 00:00 UTC, is for several stations the
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only one. Absence of reliable daytime IPWV
observations seriously restricts interpretation of
solar radiation and satellite observations (e.g.
calculation of the water vapour attenuation of the
direct solar radiation, transition from broadband
to spectral optical parameters for atmospheric
correction of satellite images, etc.) and raises a
question about the diurnal pattern of IPWV. The
support of interpretation of actinometric, AER-
ONET (Aerosol Robotic Network, NASA) and
satellite observations was the main motivation
for this study (Kannel et al. 2007).

In this paper we introduce the GPS dataset
and present the results estimated for the average
diurnal variability of IPWV. We also analyse two
extreme cases of abrupt IPWV variations, caused
by the change of air masses above one of the
locations of observations. Using the parametriza-
tion based on the SMARTS2 model (Gueymard
1995, 1998), we evaluate the impact of both
average and extreme changes in IPWV on the
transmittance of direct solar radiation

GPS data analysis

GPS data from 32 sites in the Baltic region were
used (Fig. 1 and Table 1). The northernmost sta-
tion is Kevo (69.76°N) and the southernmost is
Hissleholm (56.09°N). From the longitudinal
extent of stations, 18.2° (1 h 13 min) follows
a +37 min temporal variation of the local solar
noon relative to the region’s central meridian,
21°E, where the local noon is at 13:24 UTC.

The GPS data were analysed using two differ-
ent strategies. The first one applied for the analy-
sis of the diurnal variability is a so-called network
solution using the GAMIT software developed at
the Massachusetts Institute of Technology (King
2002). The processing used an elevation cut-off
angle of 10° for the observations, the new map-
ping function (Niell 1996), and a temporal reso-
lution of two hours for the estimated zenith total
delay (ZTD). More details on this processing are
given by Lidberg et al. (2007).

The other strategy is the Precise Point Posi-
tioning (PPP) technique (Zumberge et al. 1997),
available within the GIPSY-OASIS software
developed at the Jet Propulsion Laboratory (US)
(Webb and Zumberge 1993), where each station
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is processed individually. This requires accu-
rate knowledge of the satellite orbits and clock
errors, e.g. from a global network solution. This
processing used the same mapping functions but
an elevation cut-off angle of 15° and a temporal
resolution of five minutes for the estimated ZTD.
We used this dataset, produced by Johansson et
al. (2002), for the case studies of fast IPWV vari-
ations at Onsala.

The part of the 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 inter-
polated from a numerical weather analysis as
described by Gradinarsky et al. (2002). The con-
version 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 lati-
tude of the site.

The uncertainties in the IPWV values have
many origins and span from white noise in fun-
damental carrier-phase observations to long term
bias effects due to uncertainties in physical con-
stants used in the conversions described above.
A total root-sum-square error of GPS measured
IPWYV has been shown to be slightly above the
I-mm level when using data from the Swedish
and Finnish networks (Emardson et al. 1998)
and from Tasmania, Australia (Tregoning et al.
1998).

Here we focuse on the diurnal variability,
meaning that long-term systematic effects with
time scales much longer than a day can be
ignored. The influence of white-noise errors
were effectively averaged out. More difficult
systematic errors with time scales of around a
day, such as tidal effects, effect of ocean loading
and orbit errors of GPS satellites, are reduced
when averages are formed using several years
of data. In fact, since the PtP of the IPWYV in the
studied area was typically well below the 1-mm
level, the detection of the diurnal cycles required
that averages over several years were formed.

The average diurnal variability of
IPWV

Factors influencing the diurnal changes of IPWV
can be divided into two groups. The fast and
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extensive but irregular IPWV variations are due
to changes in synoptic situation and the substitu-
tion of air masses above the GPS site leading to
rapid and large (more than 10 mm) variations in
the vertical profiles of water vapour. The very
rapid changes are, however, not so frequent. For
example, during only about 1% of the days at
Onsala, there was a change in IPWV that was
larger than 10 mm during six hours. Small, regu-
lar 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. In this section we present the aver-
aged diurnal patterns representing regular diur-
nal variations of [IPWV.

In order to study the seasonal dependence
of the regular diurnal variations in IPWYV, we
divided the dataset into the four seasons: spring
(MAM), summer (JJA), autumn (SON) and
winter (DJF). For each of N = 32 stations we cal-
culated its average diurnal evolution of IPWV,
WSLUTC, where the index St marks a station and
the index UTC time with a step of two hours:
UTC = 00:00, 02:00, ..., 22:00. Next we found
station diurnal anomaly, AWSLUTC, for each of
M = 12 hours, as the difference from the station
daily mean, W :

AWSL,UTC = WSt,UTC - WSt' 6]

In the spring and in the summer the average
diurnal anomaly AWUTC had a regular, almost
sinusoidal pattern (black lines in Fig. 2). In the
spring and in the summer the average daily cycle
peaked at 14:00 UTC (about 15:20 Local Solar
Time at the region’s central meridian, 21°E) and
exceeded the daily mean by only 0.25 mm in the
spring and by 0.33 mm in the summer (Table 2).
The lowest IPWV values occurred typically
between 00:00 and 04:00 UTC. They were 0.26
and 0.31 mm below the daily-mean values in the
spring and summer, respectively.

In order to study the IPWV scatter about its
average diurnal cycle, we calculated the seasonal
standard deviation (SD) as follows:

1 N M

Mo 2 2, A= W) L2)

SD(AW) :\/

where the sums were taken over all stations (N =
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Fig. 2. Grey lines: the IPWV seasonal mean diurnal anomalies for the 32 GPS stations. Black lines: averages over
all the 32 stations; <WW> is the seasonal average of IPWV for the region (over all stations and hours).

32) and hours (M = 12). The denominator, N X M
— M, expresses the number of degrees of freedom
in the process of averaging.

SD(AW) was only 0.08 mm in the spring and
0.16 mm in the summer. These values are small
as compared with the average values of PtP (0.51
mm for the spring and 0.64 mm for the summer).
Thus in the spring and summer, the average
diurnal cycle of IPWYV could be used instead of a
station’s individual one.

The average diurnal PtP value of IPWV was
0.16 mm in the autumn and 0.11 mm in the
winter. Apparently, smaller amplitude in the diur-
nal variation of incoming radiation and larger
values of cloudiness in the autumn and winter
as compared with those in the other seasons
smoothed both the temperature and humidity
differences between day and night, and therefore
also the diurnal humidity cycles. The value of

STDEV(AW) was 0.09 mm in the autumn and
0.07 mm in the winter. We conclude that it seems
reasonable to neglect the diurnal cycles in the
IPWYV during the autumn and winter seasons.
Bouma and Stoew (2001) found that the
average PtP values of IPWV using GPS observa-
tions from almost the same area were larger: 1.1
mm in the summer and 0.8 mm in the winter.
One explanation for these differences can be
the shorter time span of the database used by
Bouma and Stoew (2001) — from January 1997
until August 1999. This period was apparently
too short to smooth out individual fast changes
in IPWV during front passages and correspond-
ing substitution of air masses. For example, we
calculated the PtP values of IPWV for a par-
ticular station, Jonkoping, with reduced temporal
extension of observations, from January 1997 to
August 1999, like in Bouma and Stoew (2001).

Table 2. Seasonal average diurnal evolutions of the IPWV anomalies (mm).

00 02 04 06 08 10 12 14 16 18 20 22 PtP
MAM -0.26 -026 -0.25 -0.17 -0.08 0.02 0.19 025 025 0.20 O.11 0.01 0.51
JJA -0.26 -0.29 -0.31 -0.22 -0.07 0.11 024 033 029 0.19 0.05 -0.07 0.64
SON 0.10 0.00 0.05 0.06 -0.02 -0.05 -0.038 -0.02 -0.06 0.00 -0.01 -0.02 0.16
DJF -0.08 -0.01 -0.03 -0.08 -0.06 -0.04 0.08 0.03 0.06 005 0.02 0.00 O0.11




As compared with those for the period 1996—
2005, the PtP values increased in the summer
from 1.3 to 1.6 mm and in the winter from 0.2 to
0.4 mm (Table 1). The PtP values for Jonkoping
given by Bouma and Stoew (2001) were 1.5
mm in the summer and 0.8 mm in the winter.
The residual discrepancy between the results
by Bouma and Stoew (2001) and those by our
2.5-year data set can be explained with different
methods for the calculation of the initial IPWV
database (cut-off angle, algorithms) and with dif-
ferent temporal averaging intervals. Bouma and
Stoew (2001) used 1-hour intervals, from which
(due to a higher temporal resolution) slightly
higher PtP values followed as compared with our
2-hour interval.

Maps with IPWV PtP isolines for the spring
and summer are shown in Fig. 3. We do not show
similar maps for the autumn and winter because
the PtP values were too small and noise-like.

The largest PtP variations of IPWV were
observed for the inland stations in southwest-
ern Sweden, supposedly because of the lower
latitude and sufficient distance from the sea that
enables larger diurnal variability in the tempera-
ture. In Riga, there were also large variations in
PtP, explained apparently also with its lower
latitude. Minimal PtP variations, explained by
the mitigation by sea, were observed for the only

BOREAL ENV. RES. Vol. 14
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Fig. 3. The IPWV (mm)
diurnal average PtP values
for the spring (MAM) and
for the summer (JJA).

island station Visby. Due to the overall small
summer IPWYV values in the northernmost sta-
tion Kevo, the diurnal amplitude there was also
small. It is interesting to note that compared with
the western coast, the summer PtP variations
were slightly larger at the more continental east-
ern coast of the Gulf of Bothnia.

Extreme cases of fast IPWV
variations at Onsala

9 September 1999

During 5 hours and 25 minutes (16:57-22:22
UTC), the IPWYV decreased from 35 to 10 mm,
i.e. by 25 mm, with an average trend of about 5
mm hour! (Fig. 4a). This drop can be explained
by the substitution of air masses over Onsala.
Vertical profiles of the specific humidity, g
(g kg™, for 18:00 and 00:00 UTC obtained at
the vicinity of the Landvetter airport (distance
37 km) showed that during these six hours, the
humidity content decreased in the entire profile,
especially between 1 and 4 km (Fig. 5a).

The NOAA HYSPLIT model (http://www.
arl.noaa.gov/ready/hysplit4.html) backward tra-
jectories demonstrated the different origin of air
masses over Onsala. At 18:00 UTC before the
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Fig. 4. (a) Rapid decrease in the IPWV on 9 September 1999 and (b) increase on 10 August 2000. Diamonds (seen
as almost continuous lines) 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.
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Fig. 5. Vertical profiles of the specific humidity q (g kg™") 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.

fast change, hot air with a high humidity content
originated from western Europe. Afterwards at
24:00 UTC, cold air with a low humidity con-
tent originated from Greenland, Iceland and the
North Atlantic region.

10 August 2000

During 6 hours and 20 minutes (00:27-06:47
UTC), the IPWYV increased from 16 to 33 mm,
i.e. by 17 mm, with an average trend of about
3 mm hour™ (Fig. 4b). Vertical profiles of the
specific humidity, ¢, for 00:00 and 12:00 UTC
obtained at the Landvetter airport showed that
during these 12 hours, the humidity content
increased along the entire profile (Fig. 5b). 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.

Impact of changes in the IPWV on
absorption of solar radiation

Here we address the following question: how the
observed changes in the IPWV affect the trans-
mittance of the broadband direct solar radiation?
In order to answer this question, we have to
use some kind of a model for determination of
absorption of solar radiation during its passage
through a hypothetical atmosphere consisting
of water vapour only. There are two difficulties
involved in this kind of modelling. The first is
complexity of the extraterrestrial solar spectrum.
The second is peculiarity of the water vapour
molecule, leading to a complicated vibration-
rotation absorption spectrum. Although high-
resolution molecular spectroscopy can measure
the wavelengths of absorption lines, the problem
is in the intensity of these lines. Water molecules
form droplets and stick to the walls of tubes, so
they do not mix properly with other gases. There-
fore, the concentration of water vapour is diffi-
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Fig. 6. Transmittances of water vapour for broadband
direct solar radiation at atmospheric optical mass m =
2 (corresponds to solar elevation =~ 30°) as functions of
the IPWV in the zenith direction, W (mm).

cult to be controlled in an experiment, making it
troublesome to perform validation measurements
(Maurellis and Tennyson 2003). During the last
decades, however, progress has been made in
models calculating the water vapour attenuation
of the solar radiation, leading to larger values of
absorption. The last statement follows, for exam-
ple, from comparing parametrizations proposed
by Zvereva (1968) and Gueymard (1998).

For the calculation of extinction of solar
radiation, we used the parametrization proposed
by Gueymard (1995, 1998) which is based on
his model SMARTS?2 for atmospheric radiative
transfer of sunshine. He used a solar spectrum of
1881 wavelengths, at 1-nm intervals within the
most important part of the spectrum (280-1700
nm). Although the parametrization consists of 20
formulas, it was demonstrated by Ohvril et al.
(2005) that in a particular case, for atmospheric
optical mass m = 2 (corresponding to a solar
elevation angle of about 30°), the transmittance
of water vapour T, can be expressed with a
single formula:

2

Ty, (W) = 1 - 0.0657W°2, 3)

where W is the IPWV in the zenith direction
expressed in mm and the index “2” indicates the
number of atmospheric optical masses, m =2, in
the sun’s direction.

Plots of transmittances Tys — calculated
according to Zvereva (1968), Gueymard (1998)
and Ohvril et al. (2005) — are given in Fig. 6 as
functions of IPWYV in the zenith direction. Two
results are evident: (1) the approximation (Eq. 3)
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provides an excellent agreement with the para-
metrization by Gueymard (1998), and (2) the
method by Gueymard (1998) gives considerably
stronger attenuation of direct radiation than that
by Zvereva (1968).

By inserting the seasonal average IPWV
values for spring and summer (9.4 mm and
19.7 mm respectively) into Eq. 3 we obtain
transmittances for solar radiation: 0.86 for the
spring and 0.83 for the summer. Interpreting
now diurnal average PtP values — 0.51 mm for
the spring and 0.64 mm for the summer — as
anomalies from seasonal averages, from Eq. 3
we see that transmittances change only by 0.27%
in the spring and 0.20% in the summer. The
largest average diurnal change in the summer
occurred in Boras (Table 1): PtP = 1.4 mm and
W = 20.7 mm, which gives a change of 0.47%
in transmittance. These changes are of the same
order of magnitude as the errors in high quality
observations of the direct solar radiation — the
uncertainty of a well-calibrated pyrheliometer is
at the 95% confidence level about 0.5% (Thacher
2000). However, according to practice of Esto-
nian Meteorological and Hydrological Institute,
error of actinometers (operational instruments
for continuous everyday measurements of direct
solar beam) is larger, reaching 4%. Consequently,
the average summer diurnal change in transmit-
tance, caused by changes in IPWV, is smaller as
compared with errors in observation of the direct
radiation.

The situation is different when analysing
extreme changes in the IPWV. For example, the
detected abrupt drop by 25 mm in the IPWV on 9
September 1999 at Onsala produced an increase
in the transmittance of the direct solar radiation
of 9%. The sudden increase by 17 mm in the
IPWYV on 10 August 2000 produced a decrease
in the transmittance of 5%. Therefore, short-term
changes in the IPWV, caused by substitution of
air masses above the location of observation,
affect the transmittance to a greater extent than
do the observational errors of the direct solar
radiation.

Conclusions

The necessity for better geographical and tem-
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poral presentation of IPWV in atmospheric stud-
ies is highlighted by the disturbing fact that
atmospheric models underestimate absorption of
sunlight (Maurellis and Tennyson 2003). A prob-
able explanation for “the surplus radiation” in
the global energy budget, besides underestima-
tion of absorption by water vapour in the optical
and UV region, may be hidden by an insufficient
representation of the planetary distribution of the
IPWV considering also its temporal variability
(Jakobson et al. 2005).

We studied diurnal variations in the IPWV
by analysing 2-hour averaged data for a period
1996-2005 derived from GPS observations at 32
sites in the Baltic region. The average seasonal
values over all stations were 9.4 mm for the
spring, 19.7 mm for the summer, 12.7 mm for the
autumn and 7.0 mm for the winter. Atmospheric
optical models often use fixed values of IPWV
for certain climatic conditions. For example, the
MODTRAN models (Qiu 2001) use six values
of the IPWV: 41.2 mm (tropical), 29.3 mm (mid-
latitude summer), 20.8 mm (subarctic summer),
14.2 mm (the 1976 U.S. Standard Atmosphere),
8.5 mm (midlatitude winter) and 4.1 mm (sub-
arctic winter). The summer average value (19.7
mm) obtained from our database is close to the
MODTRAN subarctic summer value but lower
than the most recent estimate of the planetary
mean IPWV of 24.9 mm (Trenberth and Smith
2005). Our spring IPWV (9.4 mm) corresponds
to midlatitude winter (8.5 mm). However, our
winter IPWV of 7.0 mm is considerably higher
than its MODTRAN subarctic counterpart of
4.1 mm.

It should be noted that the used set of GPS
stations do not cover the southern part of the
Baltic drainage area, in which the atmospheric
humidity content is generally higher: as shown
in a study of radiosonde observations (launched
only 1-2 times daily), seasonal averages for
the stations Greifswald, Legionowo, Lindenberg
and Wroclav, having latitudes 52-54°N, are in a
range IPWV = 22-24 mm in the summer, 1617
mm in the autumn, 13—14 mm in the spring and
9—-10 mm in the winter (Jakobson et al. 2005).

Diurnal variations of IPWV can be divided
into two groups: the large irregular and small
regular ones. The large variations in IPWV are
related to changes in the synoptic situation and
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the substitution of air masses above the location
of observations. As shown by the analysis of two
extreme examples of abrupt changes in atmos-
pheric humidity at the Onsala site, the IPWV
total increase/decrease can reach even 25 mm
during six hours. Concerning the Onsala site,
during only about 1% of days there was a 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°N and 70°N is
low, the maximal average station PtP value in
the summer being 1.4 mm at Boras. The seasonal
mean diurnal variation of IPWV has a sinusoidal
pattern in the spring and in the summer with the
maximum at afternoon and the minimum after
midnight. The PtP value, for the region average
IPWYV cycle, is 0.5 mm in the spring and 0.6
mm in the summer. Regular diurnal variations
of IPWV are without a definite pattern in the
autumn and in the winter, PtP values of the aver-
age IPWYV cycle are only 0.1-0.2 mm.

Concerning interpretation of solar radiation
observations in the region, the average diurnal
variations in the IPWV, extending 1.4 mm in the
summer, produces changes in the transmittance
of the broadband direct solar radiation of less
than 0.5%. The changes in the synoptic situation
expressed by substitution of air masses above
the location of solar radiation measurements can
produce changes in transmittance extending up
to 9%.

Summarising, as a result of the analysis,
we have a quantitative picture on the diurnal
behaviour of the IPWV in the Baltic area. Con-
cerning atmospheric radiation studies, we have
now information on admissibility and dangers in
the usage of nighttime IPWV values instead of
the daytime ones. As usual, new problems have
been identified: (1) why do the minimal IPWV
values occur between 00:00 and 04:00 UTC and
not exactly before sunrise in the spring and in the
summer, and (2) why the IPWV, for particular
locations (Metsdhovi, Vaasa) peaks already at
10:00 UTC? In order to answer these questions,
detailed information on diurnal changes in the
water vapour density is needed in the entire ver-
tical profile. It means that radiosounding cam-
paigns with a launching interval about 2-3 hours
are needed.
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