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Abstract. Fog and mist are meteorological phenomena that

have significant contributions to temperature variations. Un-

derstanding and predicting them is also crucial for transporta-

tion risk management. It has been shown that low visibility

phenomena over Europe have been declining over the past

three decades. The trends in mist and haze have been cor-

related to atmospheric aerosol trends. However, dense fog

has not received yet such focus. The goal of this paper is

to examine the roles of synoptic atmospheric circulation and

aerosol content on the trends of dense fog. We show that sul-

phur emission trends are spatially correlated with visibility

trends, with a maximum correlation when visibility is be-

tween 1 km and 10 km. We find that atmospheric dynam-

ics overall contributes up to 40% of the variability of the

frequency of fog occurrences. This contribution is spatially

variable and highly depends on the topography and the sea-

son, with higher values in the winter. The observed long-term

circulation changes do not contribute much to the trends in

low visibility found in the data. This process is illustrated

on three stations (De Bilt, Zürich Airport and Potsdam) for

which a long-term visibility data and a thorough meteorolog-

ical description are available. We conclude that to properly

represent fog in future climate simulations, it is necessary

to include realistic representations of aerosol emissions and

chemistry, land surface properties and atmospheric dynam-

ics.
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1 Introduction

Fog and mist are meteorological phenomena with a large so-

cietal impact. They strongly affect the surface temperature

by reflecting sunlight and isolating the ground from atmo-

spheric layers above the fog. More directly, low visibility

also impacts all forms of traffic. Understanding the charac-

teristics of those phenomena is hence an important societal

issue. However, these low visibility phenomena are poorly

predicted by numerical weather forecast models and cannot

be adequately represented in climate models yet. This affects

the temperature simulations of these models. The poor sim-

ulation of fog and mist in climate models also implies that

these phenomena are usually not included in climate change

scenarios, in spite of their importance to society.

In a previous paper we showed that a strong decline of

the number of mist and fog days has been observed in Eu-

rope over the period 1976–2006 (Vautard et al., 2009), using

a multidecadal global visibility archive. The decline in Eu-

ropean air pollution was shown to be linked to the visibility

increase: the temporal and spatial patterns of fog and mist de-

clines are strongly correlated with emission reductions. We

showed that the reduction in low visibility phenomena in Eu-

rope contributed 10 to 20% to the day-time temperature trend

1976–2006, reaching 50% in parts of eastern Europe. How-

ever most of the effect was found to be due to visibilities

ranging from 1 to 5 km. Dense fog, with visibilities less than

a few tens or hundreds of meters was not studied in detail.

More generally, many studies have quantified the radiative

effects of changes in aerosol loads (see e.g. Wild, 2009, for a

review), but changes in dense fog are poorly documented.
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In this paper we first extend the trend analysis to dense fog

(less than 200 m visibility). We group all causes of low vis-

ibility and do not distinguish between different mechanisms

(e.g. radiation fog, advection fog, stratus lowering, aerosol

haze), but exclude mountain stations where low visibility is

mainly due to clouds.

Next we perform a statistical analysis of two factors that

are likely candidates for explaining the trend in low visibility:

aerosols and atmospheric circulation. These factors are used

in meteorological fog forecasting systems.

For aerosols we compare the spatial and temporal patterns

of the trend in low visibility with the patterns of SO2 emis-

sion trends in Europe. The results are very similar when we

use NOx emissions, as the trends in these are strongly cor-

related over the period considered. The statistical analysis

therefore does not enable us to study the different effects of

different types of aerosols. We do consider the possible ef-

fects of changes in urbanisation using the same spatial com-

parison technique.

The atmospheric circulation is first investigated using

the daily pressure field. We consider the daily large-scale

weather patterns affecting fog and mist occurrences at three

stations for winter (October–March) and summer (April–

September). This reveals which daily circulation types lead

on average to low visibility at these stations. Next we com-

pare these daily circulation patterns to the seasonal mean pat-

terns associated with anomalously large number of fog or

mist days in that season (relative to the trend). The most

important features of these seasonal sea-level pressure (SLP)

patterns turn out to be the local gradients at the station where

the low visibility has been recorded. These gradients (the

geostrophic wind) are used as a concise description of the

large-scale circulation to investigate its effect on the number

of low visibility occurrences at all stations.

There are two pathways in which atmospheric circula-

tion influences fog. The first is direct: certain large-scale

circulation types are more likely to give rise to the micro-

meteorological conditions that are conducive for radiation

or advection fog formation (for radiation fog: no clouds,

a low wind speed and a stably stratified atmosphere near

the ground). The second pathway is indirect, by affecting

aerosol concentrations at ground level for given emissions.

The large-scale circulation influences advection of pollution

from the emission points to other regions, the height of the

mixed layer and the probability of precipitation that removes

aerosols from the air.

The relationships that we find between fog and mist and

the two factors aerosols and atmospheric circulation allow

us to make qualitative projections of the future number of

fog and mist days that follow from a range of emission and

circulation scenarios.

2 Data

Horizontal-visibility data have been taken from the 6-hourly

NCEP ADP land surface observations available at the Na-

tional Centre for Atmospheric Research (NCAR) server http:

//dss.ucar.edu/datasets/ds464.0. We selected 329 European

stations (out of 4479) within [10◦W–30◦E; 35◦ N–60◦ N].

Stations were selected that had data over at least 1980–2000,

at least 10 years with at least two observations per day, and at

least 30 observations in all half-year seasons between 1980

and 2000 (excluding 1997). The details of the selection pro-

cedure are given in Vautard et al. (2009). Compared to that

list, we excluded 9 high-altitude stations (above 1000 m). Six

stations showed very obvious breaks in a visual inspection of

the time series: 02566 Krokshult SE; 03495 Coltishall UK,

03827 Plymouth/Mount Batt. UK, 06260 De Bilt NL, 06344

Rotterdam Airport NL and 11406 Cheb CZ. For the Dutch

stations the break coincides with the introduction of auto-

matic weather stations in 2001. We consequently left out the

years 2002–2006 for all Dutch data. The other four stations

were removed from the dataset.

About two-thirds of the stations correspond to airports or

airfields, at which low visibility observations are very impor-

tant and often performed with more care (J. van der Meulen,

personal communication, 2008). When plotting the results

separately for airports/airfields and other stations it is ap-

parent that the latter subset indeed contains more noise (not

shown). However, there do not appear to be other system-

atic differences between the two subsets. In the following

we present results for the complete dataset.

To keep the number of figures manageable we show re-

sults mainly for visibility less than 200 m (dense fog) and

2 km (an air traffic threshold). The same plots for intermedi-

ate values and higher can be obtained from the authors. Not

enough stations report 50 m visibilities to do the analyses for

this threshold, and the results for 100 m are also less com-

plete.

We also use longer time series of daily minimum visibil-

ity observed at De Bilt 1955–2001 (available from the KNMI

web site), Zürich Airport (courtesy of MeteoSwiss) and Pots-

dam (courtesy of Deutsche Wetterdienst).

Circulation indices are derived from the NCEP/NCAR

Reanalysis-1 (Kalnay et al., 1996) sea-level pressure field

(SLP).

Historical sulphur dioxide emissions 1990–2007 were ob-

tained from the European Monitoring and Evaluation Pro-

gramme (EMEP) web site at 0.5◦, and averaged into 2.5◦ grid

boxes. For the future emission scenarios we used the three

Representative Concentration Pathways (RCPs, the emis-

sion scenarios for the Fifth Coupled Model Intercompari-

son Project CMIP5 and the fifth IPCC assessment report) for

which data were available at the time of writing: RCP26 (van

Vuuren et al., 2007), RCP45 (Smith and Wigley, 2006; Wise

et al., 2009) and RCP85 (Riahi et al., 2007). Historical land
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use data up to 2005 on a 0.5◦ grid have also been obtained

via the CMIP5 site and are described in Hurtt et al. (2006).

3 Mean and trends in dense fog and mist

We first extend the trend analysis of Vautard et al. (2009) to

dense fog. In that paper trends were only established for hor-

izontal visibilities cut-offs of 1 km and higher. These have

the largest effects on temperature, due to the more frequent

occurrence. However, dense fog (visibility less than 200 m)

is also very important for traffic safety. Very dense fog (visi-

bility less than 50 m) is not reported by all stations, and could

therefore not be analysed. A downward trend in dense fog in

the Netherlands was already noted by Knip (2002).

In this analysis we concentrate on the daily minimum vis-

ibility. For the NCAR dataset this is defined as the minimum

of the 00:00, 06:00, 12:00 and 18:00 UTC observations. In

contrast, Vautard et al. (2009) considered the daily mean,

day-time and night-time visibility, which are more relevant

for temperature effects. The mean number of days per half

year with minimum visibility less than 200 m and 2 km is

shown Fig. 1. The numbers are very low on the Mediter-

ranean coasts, in Ireland and on the west coast of Great

Britain. Eastern Europe and the Alps have the highest num-

bers of fog and mist days.

Figure 2 shows the relative decline in fog and mist days

in Europe in winter (October–March) and summer (April–

September) 1976–2006, based on the NCAR dataset. The

relative decline is defined with respect to the mean number of

days over the whole period, not relative to the number of days

at the beginning of the period. A value of 5.5% yr−1 indicates

a total elimination of fog or mist, from twice the mean value

to nothing over 31 years, 3% yr−1 means the number of days

has halved.

We computed p-values of the linear trend fit using a stan-

dard two-sided t-test. The negative trends in 2 km visibil-

ity are significant at p<0.1 for around two-thirds of the sta-

tions, decreasing to half the stations at p<0.01, see Table 1.

The fraction of stations with positive trends is comparable

to the fraction expected by chance in data with no trend,

p/2, but the fraction of stations with negative trends is much

larger. The non-significant trends are located mainly in North

Africa, southern Spain and western Scotland and Ireland. In

these regions fog is rare and the trends mainly due to random

fluctuations of the weather in a small sample.

For dense fog (visibility less than 200 m) the variability is

much larger. On average the relative trends are very simi-

lar to the trends of 2 km visibility, but the scatter around the

mean value is much larger. This is also apparent in the signif-

icances: only one third of the stations have a negative trend

that is statistically significant at p<0.1, and one out of six a

negative trend with p<0.01. Again the fraction of positive

trends is comparable to the fraction expected by chance.

We conclude that in Europe there is a significant down-

ward trend in the observations of dense fog. The relative

trends in days with dense fog are comparable to the trends in

days with less extreme low visibility, albeit with more scatter

around the mean value.

4 Correlations with sulphur emissions

Two factors that are taken into account when considering the

spatial distribution of fog in weather forecasts are aerosols

and land use (e.g. Musk, 1991). Aerosols provide conden-

sation nuclei for fog formation, and at longer visibilities also

intercept the light themselves. Urbanisation affects the night-

time surface temperatures, roughness and moisture availabil-

ity. There is less cooling in the less open terrain of a city,

the high roughness implies a boundary layer that is too thick

for fog to form, and less evaporation may mean less moisture

availability for fog.

Concerning aerosols, Vautard et al. (2009) have shown that

the spatial pattern of daily mean 5 km visibility trends 1976–

2006 was highly correlated with EMEP emission trends

1990–2000. There is evidence that air pollution also affects

dense fog. Observations during a fog episode in polluted air

during the ParisFog field campaign (Elias et al., 2009) in-

dicated that hydrated aerosols dominated light extinction in

haze (visibility 400–800 m to 5 km, humidity 90%–100%).

During the fog hours (visibility less than 400–800 m, hu-

midity 100%) these particles also contributed, although the

larger water droplets cause a stronger extinction. Rangognio

et al. (2009) show in a modelling study of one of these fog

episodes that the fog properties depend critically and non-

linearly on the aerosol concentrations and properties. Mod-

erately polluted air leads to more droplets and higher liquid

water concentration (LWC), but in heavily polluted air both

the droplet numbers and LWC drop again. In earlier micro-

meteorological modelling studies of fog Bott (1991) and von

Glasow and Bott (1999) already found that urban aerosols

cause higher water content and longer-lasting fog than ru-

ral aerosols, supporting the finding that fog properties are

strongly influenced by aerosols.

In Fig. 3 we extend the analysis of Vautard et al. (2009)

to lower visibilities: a comparison of the pattern of visibility

trends on a map of Europe with the pattern of SO2 emission

trends. For a range of cut-offs from 100 m to 10 km we com-

puted the spatial rank correlation between the trend in the

number of days with minimum visibility less than the cut-off

and the EMEP SO2 emission trends over 1990–2007 (Streets

et al., 2006). The two data points before 1990 in the emission

dataset have large uncertainties and have been omitted. The

visibility trends have been computed on the same 2.5◦
×2.5◦

grid as the emission data, covering 10◦ W–35◦ E, 37◦–60◦ N,

demanding at least two stations in each grid box. The grid

box value was computed as the average of the trends of the

stations, weighted with the inverse square of the error on the

www.atmos-chem-phys.net/10/4597/2010/ Atmos. Chem. Phys., 10, 4597–4609, 2010
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V <200 m, winter V <2 km, winter

(a) (b)

V <200 m, summer V <2 km, summer

(c) (d)

Fig. 1. Mean number of days per half year with low visibility over 1976–2006 in winter (a) and (b) October–March, and summer (c) and (d)

April–September. In (a) and (c) the number of days with dense fog (visibility less than 200 m) is shown, in (b) and (d) the number of days

with visibility less than 2 km.

V <200 m, winter V <2 km, winter

(a) (b)

V <200 m, summer V <2 km, summer

(c) (d)

Fig. 2. Relative trend in low visibility [%/yr] over 1976–2006 in winter (a) and (b) October–March, and summer (c) and (d) April–September.

In (a) and (c) the number of days with dense fog (visibility less than 200 m) is shown, in (b) and (d) the number of days with visibility less

than 2 km.

Atmos. Chem. Phys., 10, 4597–4609, 2010 www.atmos-chem-phys.net/10/4597/2010/
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Table 1. Fraction of the 329 stations with positive/negative trends

in days with low visibility that are significant at the p-values in the

first column.

p winter summer

V <200 m V <2 km V <200 m V <2 km

1.0 0.21/0.79 0.12/0.88 0.18/0.82 0.07/0.93

0.1 0.04/0.37 0.03/0.64 0.03/0.36 0.02/0.75

0.05 0.03/0.29 0.02/0.59 0.02/0.29 0.01/0.71

0.01 0.01/0.17 0.01/0.46 0.02/0.17 0.01/0.54

0.005 0.00/0.14 0.01/0.43 0.01/0.13 0.00/0.49

0.001 0.00/0.09 0.00/0.30 0.01/0.06 0.00/0.38

trend (from the fitting procedure). Finally, a rank correlation

was chosen as we can only assume a monotonic decrease of

visibility with aerosol concentrations at most sites in Europe,

not a linear decrease.

To compute the significance of the correlations, the spa-

tial autocorrelation has to be taken into account: the 88 grid

boxes with data are not all independent. A spatial autocor-

relation function was computed from all pairs of grid boxes.

From this graph the decorrelation scale was estimated to be

4◦ for the trend in the number of days with visibility smaller

than 2 km to 2◦ for 200 m (Sterl et al., 2007). This gives

rise to estimates of 50 degrees of freedom for 2 km, to 88

for 200 m. The corresponding one-sided confidence levels at

p<0.05 are indicated by the green line.

The figure shows a positive spatial rank correlation be-

tween emission trends and low visibility trends at all dis-

tances. All correlations are significant at p<0.05. The

strength of the correlation decreases for low visibilities (the

higher value for 100 m may well be a coincidence as fewer

stations report this distance). This decrease is at least partly

due to the much smaller spatial scales apparent in the trends

for smaller cut-offs (compare Fig. 2a and 2b). These details

are lost in the 2.5◦
×2.5◦ grid used for the comparison.

We also investigated the spatial correlation of low visibil-

ity trends with an estimate of the trends in urbanisation over

1976–2006. The fraction with urban land use on a 0.5◦ grid

1976–2005 (Hurtt et al., 2006) has been been averaged to

the same 2.5◦ grid as the emission data. From the meteo-

rological experience that fog occurs less frequently in built-

up areas we expect that more urban land is associated with

less fog and mist occurrences. The spatial correlations be-

tween urbanisation trends and low visibility occurrences are

indeed negative for all ranges, although not all are signifi-

cant at p<0.05 (one-sided). For easier comparison with the

aerosol signal the sign of the correlation coefficients has been

changed to positive in Fig. 3. The strengths of the spatial cor-

relations seem lower than for SO2 emissions, although the

difference is not statistically significant. The lower correla-

tions are due to the largest trends to more urban land having

occurred in western Europe, whereas the increase in air qual-

-0.2

 0

 0.2

 0.4

 0.6

 100  1000  10000

minimum visibility [m]

rank correlation with annual absolute visibility trends

SO2 emissions
fraction urban land

Fig. 3. Spatial rank correlation of the trend in the annual number of

days with minimum visibility less than a range of cut-offs with the

trend in EMEP SO2 emissions 1990–2007 (Streets et al., 2006) and

with the trend in the fraction of urban land (Hurtt et al., 2006) (with

sign changed) on a 2.5◦
×2.5◦ grid covering 10◦ W–35◦ E, 37◦–

60◦ N. The green line indicates the correlations that have p=0.05,

using a number of degrees of freedom deduced from the spatial au-

tocorrelation.

ity has also been very strong in eastern Europe. The latter

pattern matches the fog trend signal better.

Another line of evidence for a significant influence of

aerosols on fog formation, even at visibility threshold below

1 km, comes from the temporal evolution at the stations for

which long time series are available. Sulphur emissions in

western Europe peaked between 1970 and 1980, in eastern

Europe somewhat later (Stern, 2006). In Fig. 4 we show the

annual number of dense fog and mist days in the long time

series available at De Bilt (the Netherlands), Zürich Airport

(Switzerland) and Potsdam (Germany). These stations all

show that the number of fog and mist days start to decline

quickly at some time between 1970 and 1985. Before this

date there is no trend (De Bilt), a slower decrease (Zürich

Airport) or an increase (Potsdam) in the number of fog or

mist days.

We estimated the break-point from the 5 km visibility data

to be 1985 for De Bilt, 1975 for Zürich Airport and Potsdam.

The difference in trend before and after the break-point is al-

ways negative, and significant at p<0.05 (one-sided t-test)

at all thresholds except 200 m at De Bilt, and 1 km in Zürich

Airport. This behaviour can also be seen in other stations

with long time series, but not when these are in heavily in-

dustrialised areas (e.g. Rotterdam, Saarbrücken): the number

of fog days there shows a uniform decline.

The Hurtt et al. (2006) dataset shows almost uniform

trends towards more urbanisation at coarse spatial scales at

De Bilt and Zürich Airport, making the contribution from

this land use change impossible to isolate with a temporal

correlation technique (see e.g. Sies, 1988). At Potsdam there

is a maximum around 1990, which probably reinforced the

strong maximum in visibility seen in Fig. 4c.

www.atmos-chem-phys.net/10/4597/2010/ Atmos. Chem. Phys., 10, 4597–4609, 2010
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Fig. 4. The annual number of days with visibility less than 100 m, 200 m, 500 m, 1 km and 2 km at (a) De Bilt, (b) Zürich Airport and (c)

Potsdam. The straight-line fits include a break-point estimated from the 5 km visibility.

It should be noted that the spatial and temporal correla-

tions presented above are a first statistical analysis. The sea-

sonal and small-scale spatial variability of sulphur emissions,

which interact with the seasonal and small-scale spatial vari-

ability of fog, have not yet been taken into account. Neither

have we considered the contribution of other emissions that

lead to the formation of aerosols, such as black carbon and

NOx, although these are thought to be less easily activated

into fog droplets (Rangognio et al., 2009).

We conclude that both from the large-scale spatial pattern

of the trends in fog over the last decades and from the tem-

poral patterns of longer time series, there is clear evidence

that the improvement in air quality in Europe has contributed

to the decrease in fog and mist days. As expected, the corre-

lations are stronger for haze and mist (2 km and higher), but

they are also statistically significant for (dense) fog. Given

the large uncertainties of emissions before 1990 we have not

been able to give a quantitative estimate of this contribution

to the trend.

5 Circulation patterns associated with low visibility at

De Bilt, Zürich Airport and Potsdam

5.1 Daily SLP patterns associated with low visibility

We investigate the weather types associated with dense fog

and mist for the stations for which long time series are

available, De Bilt, Zürich Airport and Potsdam. The daily

SLP anomaly patterns are constructed as composites of SLP

anomalies on the days at which a minimum visibility of less

than 200 m (2 km) was recorded. For reference the aver-

age SLP field 1949–2009 in summer and winter is shown

in Fig. 5.

The deviations from climatology on days with low visi-

bility are shown in Figs. 6 and 7. The patterns are different

between summer and winter. However, the patterns associ-

ated with dense fog are similar to those associated with 2 km

mist.

At De Bilt in winter, an anomalous easterly flow and high

pressure are favourable to mist and fog formation. The pres-

sure gradients of the anomalies cancel the climatological

(a)

w
in

te
r

(b)

su
m

m
er

Fig. 5. Climatology of mean sea-level pressure anomalies [hPa] in

winter (a) October–March, and summer (b) April–September.

gradients, creating conditions favourable for the low wind

speeds and low temperatures that allow fog to form. Under

a high pressure system there are usually fewer clouds, the

atmosphere is more stably stratified and radiative cooling is

more likely.

However, the same weather patterns also increase the con-

centrations of aerosols in the boundary layer. Westerly winds

advect relatively clean maritime air to the Netherlands. In

blocking or anticyclonic situations, polluted continental air is

advected or even recirculated toward Western Europe allow-

ing the build-up of high concentration loads (Vautard et al.,

2005; Stern et al., 2008). In such conditions, a stably strati-

fied atmosphere is generally found, with a thinner boundary

layer, also increasing the aerosol burden near the surface.

In summer, dense fog at De Bilt is much rarer. The block-

ing high is on average considerably weaker and a bit more

easterly than in the winter, but otherwise the same factors

Atmos. Chem. Phys., 10, 4597–4609, 2010 www.atmos-chem-phys.net/10/4597/2010/
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V <200 m De Bilt V <2 km

(a)
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Fig. 6. Composite of daily mean sea-level pressure anomalies [hPa]

at days with low visibility in De Bilt, the Netherlands (dot) in win-

ter (a) and (b) October–March, and summer (c) and (d) April–

September. In (a) and (c) SLP anomalies at days with dense fog

(visibility less than 200 m) is shown, in (b) and (d) at days with

visibility less than 2 km.

hold: the anomalous SLP gradients cancel the climatological

gradients at the station where the observations are made and

the pressure is higher than normal there.

At Zürich Airport winter fog is associated with a southerly

anomalous geostrophic flow at the surface (the derivative

of the SLP field) across the Alps: south-westerly in win-

ter, south-easterly in summer (Fig. 7). Combined with the

weak westerly climatological geostrophic flow in winter and

hardly any climatological pressure gradients in summer, this

can be seen as a composite of easterly flow that leads to fog

in all of northern Switzerland, and southerly flows that just

fill the valley between the Alps and the Jura with fog (Troxler

and Wanner, 1991, Fig. 5a, c).

Composites of SLP for days with fog or mist in Potsdam

(not shown) show patterns that are very similar to the ones

for De Bilt (Fig. 6), but translated to the east by the distance

between the stations (approx. 500 km).

5.2 Seasonal SLP patterns associated with low visibility

In the previous section we established the daily circulation

patterns associated with single low-visibility days. The next

step is to investigate whether the seasonal mean pressure

patterns of seasons with many fog or mist days are simi-

lar. In other words, we check whether the high-frequency

daily signal can be averaged to a lower-frequency seasonal

signal. This is not necessarily the case, as fog occurrences

may depend on preconditioning that has different character-

istics than the weather on the fog day itself. Only if the re-

sulting seasonal mean circulation patterns are similar to the

ones found in the composites can we use these as predictors

for the number of low-visibility situations, and proceed to-

wards the goal of attributing part of the downward trend to

changes in circulation. If they disagree a more sophisticated
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Fig. 7. As Fig. 6 but for Zürich Airport.

analysis taking both the preconditioning and the weather on

the fog day itself into account will be needed.

As a measure of the effect of the seasonal mean circulation

on low visibility we use the regression of the seasonal mean

pressure on the number of dense fog or mist days. The maps

show how much higher or lower than average the sea-level

pressure is at each grid point when the number of dense fog

or mist days at the station under consideration is one higher.

A simple high-pass filter has been applied (year-on-year dif-

ferences) to eliminate the influence of the trends to first order.

In Fig. 8 we show this regression map for the number of

days at De Bilt with visibility less than 200 m and 2 km. The

winter regression patterns at De Bilt, Potsdam and mist at

Zürich shown in Figs. 8 and 10 are similar to the composites

of Fig. 6 with field correlations of r=0.5 to 0.9, showing

that a winter with many fog days has on average sea-level

pressure pattern that is like the composite patterns associated

with fog. For Zürich Airport dense fog the correspondence is

much worse (r∼0.1), with the flow more south-easterly than

southerly.

In summer, the patterns completely disagree at De Bilt.

Although fog and mist days there occur in a blocking situa-

tion, summers with the highest number of days have below-

normal SLP in the Netherlands or to the west of it. This

is an expression of the observation that in summer fog and

mist only form when there is enough moisture, so they are

most likely on a clear-sky day following a wet period. Fig-

ure 11 shows that the number of dense fog days in high sum-

mer (July–August) is higher when this part of the summer

is dry, but lower when the preceding months have been dry.

A wet spring or early summer leaves wet soils behind (Fer-

ranti and Viterbo, 2006; Fischer et al., 2007; Vautard et al.,

2007), leading to enough moisture, whereas summer fog it-

self is associated with dry weather. (Note that high summer

circulation patterns are not very predictable from previous

circulation patterns or sea surface conditions (e.g. van Old-

enborgh et al., 2005).)

In Zürich Airport (Fig. 9) the summer regression pat-

terns indicate that summers with a mainly south-easterly flow
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Fig. 8. Regression of the seasonal mean sea-level pressure on

the number of days with low visibility in De Bilt [Pa month], the

Netherlands (dot) in winter (a) and (c), and summer (b) and (d). In

(a) and (c) the regression of days with dense fog (visibility less than

200 m) is shown, in (b) and (d) the regression of days with visibility

less than 2 km.
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Fig. 9. As Fig. 8 but for Zürich Airport.
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Fig. 10. As Fig. 8 but for Potsdam.

across Switzerland have the largest number of fog and mist

days, in correspondence with the composite SLP on these

days (r∼0.4). Also at Potsdam there is better agreement be-

tween the daily composites and the seasonal means (r=0.5

to 0.6), although not as good as in winter.
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number of days with dense fog vs precipitation (De Bilt)

Fig. 11. Lag correlations of the number of days with minimum

visibility less than 200 m at De Bilt in July–August with 2-month

summed precipitation at the same station. Both series have been

high-pass filtered by taking year-on-year differences. The green line

indicates the 95% confidence interval, computed with a bootstrap

method.

6 Circulation influences on low visibility in Europe

The patterns that are associated with foggy seasons are fairly

local, and cannot be adequately described by the first few

(rotated) EOFs of the large-scale flow, such as the North-

Atlantic Oscillation. The regressions of Figs. 8–10 usually

consist of a dipole around the point at which the fog is ob-

served. This suggests the use of local geostrophic wind at the

surface (the first derivatives of the SLP field) and vorticity

(the average second derivative) as indices for the large-scale

circulation, as introduced in the context of temperature and

precipitation sensitivities by van Ulden and van Oldenborgh

(2006) and van Oldenborgh et al. (2009) and in the context of

fog forecasting by Clark and Hopwood (2001). For instance

at De Bilt we expect contributions from easterly geostrophic

wind to cancel the background westerly flow, and from neg-

ative vorticity as a proxy for anticyclonic weather types. We

therefore attempt to describe the anomalous number of fog

days N ′ with a multiple linear regression on these local circu-

lation indices, constructing the following very simple model

(VSM):

N ′(t)=AUU ′(t)+AV V ′(t)+BW ′(t)+η(t). (1)

The geostrophic wind U ′, V ′ and vorticity anomalies W ′ are

computed from the NCEP/NCAR reanalysis sea-level pres-

sure (Kalnay et al., 1996) on a 20◦ box around the station.

The coefficients AV , AU , B are fitted for winter and summer

separately to minimise the noise residual η. Before apply-

ing the fitting procedure, a linear regression on time has been

subtracted from all data N ′, U ′, V ′, W ′ in order to exclude

the trend that we want to explain.

6.1 Effects of geostrophic flows on low visibility

We show the coefficients AV , AU , B in Eq. (1) in Figs. 12–14

and the square root of the explained variance in Fig. 15.

In winters with a strong west circulation, the number of

fog and mist days is generally lower than in winters with
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Fig. 12. The regression of the number of dense fog (a) and (c), and

mist (b) and (d) days on zonal geostrophic wind AU [dy m−1 s], in

winter (a) and (b), and summer (c) and (d).
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Fig. 13. As Fig. 12 but for meridional geostrophic wind AV

[dy m−1 s].
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Fig. 14. As Fig. 12 but for geostrophic vorticity B (arbitrary units).
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Fig. 15. The correlation of the VSM Eq. (1) without noise with the

observed number of days of dense fog (a) and (c), and 2 km mist

(b) and (d), in winter (a) and (c), and summer (b) and (d).

more blocking, in agreement with the situation at the three

stations analysed in Sect. 5. This is not the case for dense

fog in the Balkans. In this area, a stronger zonal geostrophic

wind is associated with more dense fog, but less mist. Ap-

parently different mechanisms play a role here for dense fog

and mist.

In summer the effect of circulation is more dependent on

local factors. An example is the east coast of Britain, where

the regression is negative: easterly winds tend to advect sea

fog to the land (Fig. 12). At the other side of the North Sea

the sign is opposite.

North of the Alps and in eastern Europe, years with

anomalously southerly winds have on average more fog and

mist days.

Finally, the regression on vorticity (Fig. 14) shows that

the opposition between summer and winter noted for De Bilt

holds for a large part of Europe. In winter, a season with

more negative vorticity (high pressure) gives rise to more fog

days, due to more pollution and/or colder nights. In Russia

and Ukraine, the relationship is the opposite. This effect is

also noted by Ye (2009) and ascribed to the decreased avail-

ability of water vapour in high-pressure situations.

In contrast, summers with predominantly positive vorticity

(low pressure) have more fog days, in agreement with the

example of De Bilt presented in Sect. 5.

In summary, the large-scale circulation plays a role in fog

and mist formation. The patterns associated with dense fog

and 2 km mist are very similar except in the Balkans in win-

ter. The VSM Eq. (1) explains about one quarter of the total

variance of the detrended series in most of Europe in winter

(Fig. 15 shows the square root of the explained variance). In

fact, for one quarter of the stations r>0.64 for 2 km visibil-

ity, i.e., more than 40% of variability in the occurrence of

2 km mist there is explained by the large-scale circulation. In

summer the explained variance is generally lower.
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In winter the circulation patterns affecting fog and mist

have large scales. In most of Europe, more westerlies de-

crease the number of fog and mist days. Just north of the

Alps and in eastern Europe, southerly flows also increase the

number of fog days. High pressure (negative vorticity) in-

creases fog and mist everywhere except the eastern edge of

the study area.

In summer the patterns are more local. Positive vorticity

(low pressure) is generally associated with fog in the seasonal

mean, although individual fog days still are associated with

a high-pressure situation. This implies that the seasonally

averaged circulation alone does not give a good description

of the occurrence of mist and fog in the summer season.

The regression analysis in this section does not show

whether the influence of circulation is mainly due to differ-

ing concentrations of aerosols or directly by increasing the

likelihood of favourable meteorological conditions.

7 Trends in circulation and their effect on low visibility

Over the last 50 years there have been significant trends

in circulation in Europe, especially in late winter and early

spring (see e.g. van Oldenborgh and van Ulden, 2003; Os-

born, 2004; van Oldenborgh et al., 2009). The trends in

January–March zonal geostrophic wind U are shown in

Fig. 16 for the periods 1948–2007 and 1976–2006. Increased

air pressure over the Mediterranean and decreased pressure

over Scandinavia have caused more westerly flows over the

area north of the Alps. The pattern is very similar between

the whole period of the reanalysis (1948–2007) and the pe-

riod for which the European horizontal visibility data is avail-

able (1976–2006). Over the longer period the trend is highly

significant. Combined with the reduction of fog and mist

days in the same area in winters with westerly flows (Fig. 12),

this implies that the change in circulation in January–March

played a role in the reduction of low visibility there.

Over 1948–2009 there are no significant trends in the

meridional geostrophic wind, although the sub-period 1976–

2006 shows an increase in northerly flows over eastern Eu-

rope in late winter (not shown). The positive regression on

meridional flows (Fig. 13) implies that this shift contributed

to the observed reduction of fog and mist days over 1976–

2006 in this area.

The NCEP/NCAR reanalysis also has a strong trend to-

wards lower vorticity over the Alps. However, this trend is

absent in the ERA40 reanalysis (Uppala et al., 2005), so it is

not considered further here.

We can now find an estimate of the trend in the number

of low visibility days due to circulation changes by multi-

plying the trends in geostrophic wind and vorticity with the

regression on these indices:

dNcirc

dt
≈AU

dU

dt
+AV

dV

dt
+B

dW

dT
. (2)

1948–2009 1976–2006

(a) (b)

Fig. 16. Trends in January–March zonal geostrophic wind U

[ms−1yr−1] over 1948–2009 (a) and 1976–2006 (b). In (a) only

grid boxes with p<0.1 are shown.

This contribution to the trend in shown in Fig. 17. For

comparison we show the contribution of increased wester-

lies in isolation in Fig. 18, i.e. retaining only the first term in

Eqs. (1) and (2).

The shift towards more westerly flows in the second half of

winter contributed to the observed trend towards fewer dense

fog and mist days. However, the addition of meridional wind

and vorticity in the analysis muddles the picture consider-

ably, especially for dense fog. For instance, over the period

1976–2006 there has been a decrease in vorticity over much

of Europe, counteracting the effect of the increase in zonal

geostrophic wind. One sees that, especially for dense fog,

the signal/noise ratio in just 30 years of observations starts to

become a limiting factor.

Overall, the effects of shifts in large-scale circulation on

the trend in dense fog and mist days have been much smaller

than the trend itself. Even in the second half of winter, the

contribution of the shift in circulation is at most 20% (note

the factor five different scale in Figs. 17 and 18 compared

to Fig. 2). This implies that other factors have been more

important in causing the large observed trends.

8 Outlook

Most, but not all, climate models project an increase in west-

erly flow over Europe in winter similar in pattern, but much

smaller in amplitude, to the trend observed over the last

60 years (van Oldenborgh et al., 2009). This shift in circula-

tion would lead to a decrease in the number of fog and mist

days north of the Alps. For the Netherlands, the magnitude

of the shift is taken to be between 0 and 1 ms−1 for a global

mean temperature rise of 2 K (van den Hurk et al., 2007).

This corresponds to a decrease of the number of fog and mist

days due to circulation changes of 0% to 25%, using the num-

bers of Fig. 12. If the dependence of low visibility on fog is

primarily through aerosol concentrations rather than directly

through the meteorological influence, the effect of a change

in the weather statistics on low visibility will be smaller in

the future than it is today. It is not possible to differentiate

between direct meteorological influences and indirect ones
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Fig. 17. Relative trend in visibility [%/yr] due to circulation changes in January–March. (a) dense fog (200 m), (b) mist (2 km).

V <200 m, January–March V <2 km, January–March

(a) (b)

Fig. 18. As Fig. 17 but only taking zonal geostrophic wind U into account.

through the aerosol concentrations for given emissions sta-

tistically based on the limited data we have available.

In high summer (July–August), fog tends to occur in dry

spells after a rainy period weeks to months earlier. Most, but

not all, climate models project a drying trend in Europe in

summer (IPCC, 2007), decreasing the occurrence of summer

fog further.

Probably a more important factor in the trend observed up

to now has been the decrease in sulphur dioxide emissions

leading to decreased concentrations of sulphate aerosols. The

past evolution of aerosol emission has many uncertainties.

Their fate in the future strongly depends on the technology

and climate mitigation choices that will be made. How-

ever, at the European level, the legislation pressure on air

quality makes it improbable that aerosol emission increase.

The emission scenarios for the fifth IPCC Assessment Re-

port project a further decrease in SO2 emissions in Europe.

In 2050 emissions are assumed to be 90% lower than in 2009

in the RCP26 scenario (van Vuuren et al., 2007), more than

60% lower in the RCP45 scenario (Smith and Wigley, 2006;

Wise et al., 2009) and 75% lower in the RCP85 scenario

(Riahi et al., 2007). All these reductions are fairly uniform

in space. Although we have not been able to quantify the

strength of the connection between aerosol emissions and

fog, these steep reductions, if achieved, will reduce the num-

ber of fog days further.

The trend to more urban area in western Europe may also

have contributed to the observed trend over the last 30 years.

It is unlikely that this trend will be reversed over the next

decades, so this factor will most likely not counteract the

trends due to projected changes in atmospheric dynamics and

aerosol emissions.

There are other local factors that may have affected fog

that we have not considered in this analysis. The availability

of moisture has changed due to the increase in built-up area

and lower ground-water tables. The stability of the lower part

of the atmosphere is obviously an important factor in fog for-

mation. This stability may have changed, because of climate

changes or as a result of changes in the ground-level envi-

ronment, such as more heat generation. Finally, as suggested

by a reviewer, the cooling on clear nights will decrease due

to increased downwelling long-wave radiation, the primary

mechanism of global warming. These effects have not yet

been quantified and hence are not included in this first pro-

jection, but again are unlikely to reverse sign from the last

30 years.
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This outlook should be viewed as a first step based on

a statistical analysis of a subset of the factors causing fog.

Further progress depends on (regional) climate models re-

solving fog explicitly, with realistic land surface properties

and temperature-dependent aerosol emissions, utilising the

expertise that has already been developed for weather fore-

casting.

9 Conclusions

Based on four times daily observations of horizontal visibil-

ity over 1976–2006 we find significant decreases in the num-

ber of days with low visibility both for dense fog (visibility

less than 200 m) and mist (visibility less than 2 km). In large

parts of Europe these decreases correspond to a halving of the

number of fog and mist days. The signal is coherent across

countries and does not differ between airports and other sta-

tions. This indicates that changes in observing practices are

not the main cause of the observed decline.

The decrease in number of fog and mist days is spatially

and temporally correlated with the decrease in SO2 emissions

for all ranges. The correlation is largest at 5 km visibility,

but the correlations are also statistically significant for dense

fog, in agreement with the micro-meteorological modelling

studies discussed in Sect. 4. The spatial correlation between

trends in fog and urbanisation is lower, but of the expected

sign for all ranges studied.

The large-scale circulation affects fog in two ways: di-

rectly by influencing the local meteorological conditions that

lead to fog, and indirectly by advection, concentration and

removal of aerosols from the atmosphere. With the methods

presented in this paper we can not distinguish between those

effects.

Changes in large-scale circulation are correlated with the

number of mist and fog days over most of Europe. In win-

ter for 2 km the correlation coefficient of detrended data are

around 0.6 except in areas with very little fog. In sum-

mer other factors are more important and the correlations

are around 0.4. For dense fog the correlations are somewhat

lower, but still sizeable.

There has been a trend towards more westerly circulation

in January–March. This trend explains 20%–80% of the ob-

served trends in mist in these months, and again somewhat

less in dense fog. However, it is countered by the effects of

other changes in circulation, so that the sum is much smaller,

at most 20% of the observed trend. In other seasons the frac-

tion of the trend explained by circulation changes is smaller

still.

We conclude that for interannual variability the effects of

circulation dominate, but for the trend other factors are more

important. One factor that has been identified is the effect

of the decreasing aerosol emissions over Europe. The trend

to a larger fraction of urban land seems also to have played

a role. Other factors such as moisture availability and heat

generation at ground level have not been investigated. In the

future, both the aerosol forcing and the circulation changes

are projected to further decrease the occurrence of fog and

mist in Europe.
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