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Abstract. Dust aerosols are thought to be the main contribu-

tor to atmospheric ice nucleation. While there are case stud-

ies supporting this, a climatological sense of the importance

of dust to atmospheric ice nucleating particle (INP) concen-

trations and its seasonal variability over Europe is lacking.

Here, we use a mesoscale model to estimate Saharan dust

concentrations over Europe in 2008. There are large differ-

ences in median dust concentrations between seasons, with

the highest concentrations and highest variability in the lower

to mid-troposphere. Laboratory-based ice nucleation param-

eterisations are applied to these simulated dust number con-

centrations to calculate the potential INP resulting from im-

mersion freezing and deposition nucleation on these dust

particles. The potential INP concentrations increase expo-

nentially with height due to decreasing temperatures in the

lower and mid-troposphere. When the ice-activated fraction

increases sufficiently, INP concentrations follow the dust par-

ticle concentrations. The potential INP profiles exhibit simi-

larly large differences between seasons, with the highest con-

centrations in spring (median potential immersion INP con-

centrations nearly 105 m−3, median potential deposition INP

concentrations at 120 % relative humidity with respect to ice

over 105 m−3), about an order of magnitude larger than those

in summer. Using these results, a best-fit function is provided

to estimate the potential INPs for use in limited-area mod-

els, which is representative of the normal background INP

concentrations over Europe. A statistical evaluation of the

results against field and laboratory measurements indicates

that the INP concentrations are in close agreement with ob-

servations.

1 Introduction

Atmospheric aerosols have an important influence on cloud

properties through the direct and indirect aerosol effects,

however there is significant uncertainty in quantifying both

of these. Considering only the indirect effects, the ice phase

has a particularly strong influence on cloud properties by af-

fecting cloud lifetime and precipitation processes (Lohmann

and Feichter, 2005; Boucher et al., 2013). The ice nucle-

ating ability of many aerosols has been experimentally de-

termined through both field (e.g. Cozic et al., 2008; Conen

et al., 2012; Joly et al., 2014) and laboratory studies (Hoose

and Möhler, 2012; Murray et al., 2012). Mineral dust has

been identified as a major contributor to atmospheric ice nu-

cleation at temperatures relevant for mixed phase and cir-

rus clouds (Heintzenberg et al., 1996; DeMott et al., 2003;

Atkinson et al., 2013). During large Saharan dust outbreaks,

model results suggest that dust aerosol concentrations can

reach 107 m−3 over Europe (Bangert et al., 2012), but it also

appears that dust dominates the normal background ice nu-

cleating particle (INP) and ice residual composition in the ab-

sence of these large dust events (Targino et al., 2006; Prenni

et al., 2009; Kamphus et al., 2010; Cziczo et al., 2013). This

lends some weight to the notion that dust can have an im-

portant indirect effect on clouds (Sassen, 2002; Sassen et al.,

2003) on seasonal timescales.

Other important ice-nucleating aerosols are soot and bi-

ological particles (Pratt et al., 2009), however their contri-

bution to ice nucleation is on average lower than that of

dust (Hoose et al., 2010). Case studies of the impact of dust

events on INP concentrations in Europe have been performed

(Klein et al., 2010; Chou et al., 2011; Mamouri and Ans-

mann, 2015); however, climatological estimates of dust num-

ber concentrations and the resulting INP concentrations, as
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well as an understanding of their seasonal variability, remain

elusive.

Ice nucleation in the atmosphere takes place via four dif-

ferent pathways: immersion, condensation, deposition, and

contact freezing. Efforts to parameterise these processes for

use in models have relied on either empirical evidence or a

theoretical approach, yielding a wide variety of parameterisa-

tions (e.g. Fletcher, 1962; Cooper, 1986; Meyers et al., 1992;

Phillips et al., 2008; DeMott et al., 2010). Typically, these pa-

rameterisations are independent of the aerosol type, however

more recently, dust-aerosol-specific parameterisations have

begun to emerge (Niemand et al., 2012; Steinke et al., 2014;

DeMott et al., 2014; Hiranuma et al., 2014).

The aims of this paper are straightforward. Firstly, we will

quantify the background dust number concentrations in Eu-

rope during different seasons using model data from Decem-

ber 2007 to August 2008. This will allow the quantification

of the potential INP concentrations resulting from immersion

freezing and deposition nucleation on these particles, using

two new parameterisations specific to dust aerosols. These

results will then be used to develop a best-fit function which

can be used to estimate immersion and deposition INP con-

centrations in regional climate and numerical weather pre-

diction models, and for process studies. Finally, a statistical

comparison with available observations will be presented.

2 Saharan dust and INP concentrations

The COnsortium for Small-scale MOdelling (COSMO)

(Steppeler et al., 2003) meteorological model coupled to

the MUlti-Scale Chemistry Aerosol Transport (MUSCAT)

(Wolke et al., 2004) was used to simulate the generation

and transport of Saharan desert dust to Europe for the pe-

riod December 2007–August 2008. The model was config-

ured to simulate dust in five size bins (0.1–0.3, 0.3–0.9, 0.9–

2.6, 2.6–7.9, 7.9–24 µm). The dust model uses a horizontal

grid resolution of 28 km and 40 vertical layers. Dust emis-

sion fluxes depend on surface wind friction velocities, sur-

face roughness, soil particle size distribution, and soil mois-

ture in unvegetated areas (Tegen et al., 2002). While soil tem-

perature is not directly included in the dust emission scheme,

snow-covered grid cells are excluded as dust sources. Trans-

ported dust from the Sahara (which are the focus of this

study) are considered to be the main source for INPs. Local

soil dust sources are considered less important, as their emis-

sion fluxes are low and they generally remain in the boundary

layer.

Dust advection is computed by a third-order upstream

scheme; particle removal is computed considering dry and

wet deposition processes. COSMO simulations were ini-

tialised with analysis fields from the global model GME

(Global Model of the DWD) and the lateral boundary con-

ditions updated 6-hourly. The simulations were re-initialised

every 48 h to keep the modelled meteorology close to the

analysis fields. The model results have been extensively eval-

uated with field measurements of ground-based and airborne

measurements of dust concentrations as well as size distribu-

tion, aerosol optical thickness and lidar backscatter and ex-

tinction (Heinold et al., 2009, 2011; Tegen et al., 2013). The

evaluation of the dust model results shown in Tegen et al.

(2013) were performed with the same model setup as de-

scribed in this work. It performed well in a regional model

intercomparison of an observed event in the Bodélé depres-

sion in Chad (Todd et al., 2008).

The simulated dust number concentrations were used to

estimate the potential immersion and deposition INP concen-

trations. Niemand et al. (2012) provides a parameterisation

for immersion freezing on natural dust particles. This work

is derived from experiments on a variety of dust types carried

out at the Aerosol Interaction and Dynamics in the Atmo-

sphere (AIDA) cloud chamber facility, and is valid between

temperatures of 261.15–237.15 K at or above water satura-

tion. The parameterisation is a function of the dust particle

surface area and the temperature. Similarly, a parameterisa-

tion for deposition freezing on Arizona Test Dust was ex-

perimentally determined by Steinke et al. (2014) from AIDA

measurements. This parameterisation is active at colder tem-

peratures of between 253–220 K, and above ice supersatura-

tion. While there are indications that Arizona Test Dust is a

more efficient ice nucleus than natural desert dust particles at

the higher end of this temperature range, their behaviour is

comparable at temperatures below 238 K (Hoose and Möh-

ler, 2012; Murray et al., 2012), i.e. in the cirrus regime where

deposition nucleation is most relevant. At present, a compa-

rable parameterisation based on laboratory experiments for

natural desert dusts covering the entire required temperature

and humidity range is not available.

The potential immersion INP concentration is simply the

parameterised immersion INP concentration irrespective of

the relative humidity with respect to water. Similarly, the po-

tential deposition INP concentrations are calculated from the

simulated dust concentrations and the parameterisation from

Steinke et al. (2014) at a prescribed relative humidity with

respect to ice (RHice), irrespective of the actual in situ RHice.

The ambient temperature in each model grid box was used

for the calculation of potential INPs, and only if the temper-

ature was within the range of the relevant parameterisation.

The potential immersion and deposition INP concentrations

are presented here in order to be independent of the resolved

and parameterised clouds in COSMO–MUSCAT. This con-

cept of potential INP has been used previously by others

(Murray et al., 2012). The domain considered here is over

central Europe, between 44–60◦ N and 0–20◦ E.

Figure 1 shows the horizontal median, the 5th and 95th

percentiles for total dust number concentration, total dust

surface area, and the parameterised potential immersion and

deposition INP concentrations for all seasons of 2008. The

winter season refers to December 2007, January and Febru-

ary 2008, spring comprises March to May of 2008, summer
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Figure 1. Median (solid), 5th and 95th percentiles (dotted) for total dust number concentration, total dust surface area, potential immersion

INP, and potential deposition INP at RHice of 110 and 120 % over Europe (44–60◦ N and 0–20◦ E) for winter (blue), spring (green), summer

(red) and autumn (black). The Niemand et al. (2012) parameterisation is valid between 237.15–261.15 K, and the Steinke et al. (2014)

parameterisation is valid from 220–253 K.

comprises June to August 2008, and finally autumn refers

to September to November 2008. The potential deposition

INP concentrations are calculated using a constant RHice of

110 %. To account for a range of possible in cloud relative

humidities, potential deposition nucleation is also shown at

120 %.

The dust number concentration statistics were firstly com-

puted for a whole month. Then, in order to calculate seasonal

(yearly) statistics, the monthly statistics were averaged over

a 3 (12) month period. Using this, the dust surface area statis-

tics were calculated by assuming spherical particles with the

bin centre radius. The INP statistics were then calculated by

using the respective dust number concentration statistic as an

input to the parameterisation, along with the mean tempera-

ture for that season.

Qualitatively, the dust surface area and the dust number

concentrations have similar vertical profiles, which implies

there is no significant change in the size distribution with

height. The dust number concentrations differ largely be-

tween seasons, with median values in spring around 3×

105 m−3, and in summer about an order of magnitude less.

These concentrations decrease by between 25 % during sum-

mer, to 45 % during spring from the lower troposphere to

the tropopause, and there is the largest amount of variability

in dust concentrations in the lower to mid-troposphere. The

mean values of dust are 25 times larger than the median val-

ues in summer, 5 times larger in spring, and 17 and 7 times

larger for autumn and winter respectively. This implies that

infrequent but significant dust events are a major contributor

to the mean values.

Looking at the more extreme values, the maximum in the

95th percentile of the dust number concentration is around

2×107 m−3 at around 265 K. This is the same as the mod-

elled concentrations of over 107 m−3 reported by Bangert

et al. (2012) during a significant Saharan dust event of

May 2008. Therefore, the 95th percentile of dust number

concentrations is a good approximation for the concentration

during a large Saharan dust outbreak.
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Figure 2. Top panel: median (solid), 5th and 95th percentiles (dotted) for total dust number concentration (black), potential immersion INP

(red), and potential deposition INP at 110 % (blue) at 6 km above terrain over Europe for winter. Bottom panel: median (solid) and mean

(dashed) total dust surface area (magenta) and temperature (green). Note that the Alpine regions are in a range about 46–48◦ N.

These dust number concentrations translate into maximum

median potential INP concentrations in the immersion mode

of 9.5× 104 m−3 at 239 K. The summertime maximum con-

centration is just over 7.6× 103 m−3 at the coldest tempera-

tures allowed by the parameterisation. The area bounded by

the 5th and 95th percentiles spans more than an order of mag-

nitude for all seasons. The concentrations of immersion INPs

increase exponentially for all seasons, until the limiting tem-

perature of 237.15 K is reached.

In the deposition mode, median potential INP concentra-

tions at RHice of 110 % are over 1× 105 m−3 during spring.

The summertime maximum is around 2.8×104 m−3. The 5th

and 95th percentiles indicate slightly less variability in the

deposition mode for both seasons. As temperatures decrease,

the concentrations increase exponentially until the ice acti-

vated fraction increases sufficiently to limit INP production.

This normally occurs at temperatures colder than 230 K for

all seasons.

The final panel in Fig. 1 shows potential deposition INP

concentrations at RHice of 120 %. Here, the profiles closely

resemble the potential deposition INP at 110 %, but just

shifted to higher concentrations. There is a slight change in

the shape of the profile, since more INPs can activate at a

given temperature for the higher RHice conditions. Now the

maximum median concentrations are on average more than

double those at 110 %.

The maximum in the mean concentrations in the immer-

sion mode are an order of magnitude larger than the maxi-

mum median concentrations for summer. The difference is

less in the deposition mode. Again, this suggests that the

mean concentrations are dominated by a few very significant

events of large INP concentrations.

Figure 2 shows the median, 5th and 95th percentiles for

the meridionally averaged total dust number concentration,

potential immersion, and potential deposition INP concentra-

tions, as a function of latitude and at an altitude of 6 km above

the terrain during winter, which is where most INPs are lo-

cated. The bottom panel also shows total dust surface area,

and temperature at 6 km. The dust concentrations and total

surface area are remarkably constant with increasing latitude.

The bottom panel shows some variability in temperature.

There is about a 2 K drop in temperature over the high Alpine

regions around 47◦ N, and another decrease in temperature

north of 53◦ N. This means that there is an amplification of

INP concentrations in these colder regions. In the immersion

mode, median potential concentrations change from a maxi-

mum of 4× 104 over the high terrain, down to 1× 104 m−3

a few degrees further north, and then increase again to about

3×104 m−3 at the northernmost point of the domain. A sim-

ilar change occurs in the deposition mode, with maximum

and minimum median potential concentrations of 1×105 and

2× 103 m−3 respectively.

The variability of dust and INP as a function of longitude

was also investigated, and a similarly small amount of vari-

ability was found (not shown). In the immersion mode, an

enhancement in the median INP concentrations from about

1500 to 7000 m−3 was found around 7◦ E. This corresponds

to a decrease in temperature of about 3◦ at the western edge

of the Alps. This implies that the potential immersion and

deposition vertical profiles presented in Fig. 1 are a suitable

representation of INP concentrations over the whole domain

considered here.

The shape of the median INP profiles in Fig. 1 shows an

exponential increase until the ice-activated fraction increases

sufficiently, at which time the concentrations begin to fol-

low that of the dust. Therefore, the median profiles can be
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described by the following function:

CINP(TK)= A× exp
[
−B × (TK− Tmin)

C
]
. (1)

TK is the model temperature in Kelvin, and the free param-

eters are defined in Table 1 for each case of potential immer-

sion and potential deposition INPs in each season, as well

as for the whole year. Using Eq. (1) along with these pa-

rameters, it is possible to specify realistic median INP con-

centrations for model simulations over Europe. This new pa-

rameterisation must only be applied to within the tempera-

ture range specified by Tmin and Tmax in order to prevent un-

realistically high concentrations at very cold temperatures.

Since the parameterisation uses the median concentrations,

it is representative of the normal background INP concen-

trations. An analysis of the residuals showed that during a

large dust event, INPs are produced at high concentrations

over all temperatures compared to a non-dust event, there-

fore the mean concentrations are not used here since these

would be heavily influenced by large dust outbreaks. How-

ever, for sensitivity studies wishing to investigate the impact

of large or small background INP concentrations, scaling fac-

tors for the 5th and 95th percentiles (5th PSF and 95th PSF)

are provided. Using these, the concentrations given by Eq. (1)

can be simply scaled to higher and lower concentrations.

The model-diagnosed moisture or the parameterised cloud

occurrence must be used to define supersaturated conditions

with respect to water for immersion INPs, and with respect

to ice for deposition INPs. Finally, it is recommended to

use CINP(273.15) for temperatures colder than 273.15 K for

immersion freezing, and CINP(220) for temperatures colder

than 220 K for deposition nucleation, in order to prevent zero

ice nuclei concentrations.

Since the Steinke et al. (2014) parameterisation is a func-

tion of both temperature and supersaturation, the deposi-

tion nucleation parameterisation provided here can be sim-

ply scaled to the model-diagnosed RHice. A deposition scal-

ing factor (DSF) was defined as the ratio of mean deposi-

tion INPs at a given RHice to the mean deposition INPs at

RHice = 110 %, and calculated from the model data for RHice

from 100 to 145 %. This showed an increase in mean depo-

sition concentrations that followed the form

DSF(RHice)= a× arctan(b× (RHice− 100)+ c)+ d, (2)

where a = 2.7626, b = 0.0621, c =−1.3107 and d =

2.6789, which were determined by a best fit. Finally, the

scaled INP concentrations due to deposition nucleation, are

approximately

CINP(TK,RHice)≈ CINP(TK)×DSF(RHice), (3)

where CINP(TK) is the concentration of deposition INPs at

RHice = 110 %, given by Eq. (1), and the approximation is

most valid for small activated fractions.

Figure 3 shows the INP concentrations derived from

Eqs. (1) and (3) at RHice = 101 % and 120 %, compared to

Figure 3. Left: immersion INP concentrations from Eq. (1) us-

ing yearly parameters (red). The red circles represent the model

data. The black dashed line is the Fletcher (1962) parameterisa-

tion, the dotted line represents the Cooper (1986) parameterisation,

and the solid line represents DeMott et al. (2014) parameterisation.

Right: deposition INP from Eq. (3) using yearly parameters (red),

at RHice = 110 % (solid), RHice = 120 % (dashed) and RHice =

101 % (dotted). The black vertical dashed (dotted) line represents

concentrations from Meyers et al. (1992) at Sice = 1.1 (Sice = 1.2).

The red circles (diamonds/triangles) represent the model data at

RHice = 110 % (RHice = 101 % / 120 %).

the Meyers et al. (1992) parameterisation for deposition nu-

cleation, and the Fletcher (1962), Cooper (1986) and DeMott

et al. (2014) parameterisations for immersion freezing. For

the immersion parameterisations, the mean yearly tempera-

ture was used, as well as the yearly dust concentrations for

DeMott et al. (2014).

For immersion freezing, the yearly INP concentrations

presented here lie nicely in the middle of the other three pa-

rameterisations. The concentrations shown here are typically

more than an order of magnitude lower than those suggested

by Fletcher (1962) or Cooper (1986), and higher than the

DeMott et al. (2014) parameterisation by a similar amount.

The red circles indicate the model data used in this work,

and this demonstrates the high quality of the parameterisa-

tion developed here. There is a slight overestimation of INPs

at the warmest temperatures, however this is significantly

less than the difference between the different parameterisa-

tions shown. Note that at temperatures colder than 237.15 K,

a constant INP concentration should be used.

The Meyers et al. (1992) deposition parameterisation is a

function of supersaturation with respect to ice, therefore the

INP concentrations resulting from nucleation at supersatura-

tion of 1.1 (1.2) is shown as the dashed (dotted) line. This

is in broad agreement with the mean concentrations from

the new estimates presented here. Calculating INP concen-

trations from Eqs. (1) and (3) has the advantage of capturing

seasonal variations in dust aerosol concentrations as well as
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Table 1. Parameters defining Eq. (1), for immersion and deposition INP concentrations (at RHice = 110 %). The percentile scaling factors

(PSF) for the 5th and 95th percentiles are provided.

Immersion A (m−3) B C Tmax (K) Tmin (K) 5th PSF 95th PSF

Winter 1.0259× 105 0.2073 1.2873 261.15 237.15 0.04 12.06

Spring 1.5684× 105 0.2466 1.2293 261.15 237.15 0.10 17.82

Summer 2.9694× 104 0.2813 1.1778 261.15 237.15 0.13 27.28

Autumn 4.9920× 104 0.2622 1.2044 261.15 237.15 0.06 31.38

Year 8.1909× 104 0.2290 1.2553 261.15 237.15 0.10 17.14

Deposition A (m−3) B C Tmax (K) Tmin (K) 5th PSF 95th PSF

Winter 1.2663× 105 0.0194 1.6943 253 220 0.17 15.25

Spring 1.7836× 105 0.0075 2.0341 253 220 0.24 5.87

Summer 2.6543× 104 0.0020 2.5128 253 220 0.22 12.88

Autumn 7.7167× 104 0.0406 1.4705 253 220 0.16 22.19

Year 9.6108× 104 0.0113 1.8890 253 220 0.22 12.00

temperature, and not overpredicting INPs at colder tempera-

tures.

Finally, Fig. 3 shows that Eq. (3) provides an accurate

description of deposition INPs at multiple values of RHice.

For the higher values of RHice there is an underestimate at

warmer temperatures, since INPs activate more readily un-

der these conditions. However, at lower RHice conditions,

the agreement is excellent. Observations suggest that in cir-

rus clouds, RHice is mostly below 120 % (Haag et al., 2003),

meaning the lower RHice values where the DSF works better

are most relevant to observed cirrus clouds.

3 Evaluation

There are case studies investigating ice nucleation over Eu-

rope at specific locations, under a variety of atmospheric con-

ditions. These observations were typically for only a few

weeks at a time, so climatological time series of ice nuclei

are not yet available. Observations presented in several re-

cent studies (Chou et al., 2011; Conen et al., 2012; Joly et al.,

2014; Klein et al., 2010) will be used to make a statistical

comparison with the results presented here. DeMott et al.

(2010) provide a best-fit function to a number of observa-

tions from outside Europe, which is used here as an addi-

tional evaluation tool. Figure 4 shows a 2-D histogram of

normalised potential INP concentration in 0.5 K bins for the

whole domain in July 2008. Overlaid on the figure are the ob-

servations from selected field studies, as well as the best fit

suggested by DeMott et al. (2010). The temperatures of the

observations are instrument temperatures, whereas the model

INPs are calculated at the modelled ambient temperature in

the grid box.

From Fig. 4, most immersion INPs are occurring at tem-

peratures warmer than 250 K, with concentrations typically

less than 102 m−3. The Niemand et al. (2012) parameterisa-

tion produces most of the INPs with concentrations a few

orders of magnitude lower than DeMott et al. (2010) sug-

gest. Almost all the observations fall within the range of the

parameterised immersion INPs, and note that the observa-

tions from Klein et al. (2010) were taken during a Saharan

dust outbreak resulting in higher than normal INP concentra-

tions. The immersion parameterisation also shows a greater

sensitivity to temperature than DeMott et al. (2010) indicate,

however it is important to note that the best fit provided by

these authors is dependant on aerosol composition, amongst

other things. Observations at colder temperatures from Chou

et al. (2011) fall in the middle of the range of concentrations

given by the deposition nucleation parameterisation. Again,

during Saharan dust events these observations indicate higher

concentrations of INPs.

Most of the observed INPs are at temperatures warmer

than the immersion parameterisation allows. According to

Joly et al. (2014), most of the measured INPs are biologi-

cal in origin. These INPs are not considered in this study.

However, it is interesting to note that the parameterised dust

INP concentrations agree well with the Joly et al. (2014) data

at 260 K. Most of the data from Conen et al. (2012) was also

taken at temperatures warmer that 260 K, indicating that dust

can nucleate ice at temperatures warmer than the Niemand

et al. (2012) parameterisation. Nevertheless, the concentra-

tions are the same as the parameterisation at 260 K.

The results from the immersion parameterisation suggest

that high INP concentrations greater than 106 m−3 are only

produced at temperatures less than 250 K, and only obser-

vations from during a Saharan dust event suggest concen-

trations this high. In addition to this, observations shown by

DeMott et al. (2010) from the Pacific Dust Experiment sug-

gest INP concentrations can reach over 105 m−3 at 240 K in

the condensation mode. DeMott et al. (2003) presents obser-

vations from aircraft measurements of INPs in an air mass

which originated from North Africa. At temperatures above

the homogeneous freezing threshold, INPs were present in

Atmos. Chem. Phys., 15, 4389–4397, 2015 www.atmos-chem-phys.net/15/4389/2015/
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Figure 4. Left: normalised potential deposition INPs at RHice = 127 %. Right: normalised potential immersion INPs for July 2008, compared

to observations. Observations are shown from Chou et al. (2011) (white triangles: Saharan dust event, black triangles: non-dust event), Conen

et al. (2012) (black circles: dust from North Italy, grey circles: dust from North Africa/Switzerland, white circles: dust from Switzerland/South

Germany), DeMott et al. (2010) (dashed line), Joly et al. (2014) (grey diamonds: within detection limit, white diamonds: at detection limit)

and Klein et al. (2010) (white squares).

concentrations up to 106 m−3. This implies that the INP con-

centrations presented here are in broad agreement with avail-

able observations.

4 Conclusions

The COSMO–MUSCAT model was used to simulate the

generation and transport of Saharan desert dust to Europe

during the period December 2007–August 2008. Maximum

median dust concentrations are around 3× 105 m−3 dur-

ing spring, with about an order of magnitude lower num-

ber concentrations in summer. There is a significant amount

of variability in dust concentrations. The resulting potential

immersion INPs reach maximum median concentrations of

9.5×104 m−3 during spring. During the summer months con-

centrations are lower, and occur at a higher altitude com-

pared to all other months. INP concentrations in the depo-

sition mode for RHice of 110 % increase exponentially and

reach over 105 m−3 in spring. At the coldest temperatures

allowed by the deposition parameterisation, the trend in INP

concentrations follow that of the dust number concentrations.

Since the median concentrations vary only slightly with

latitude and longitude, the median vertical profiles of INP

concentrations are representative of the background INP con-

centrations over the whole domain considered here. There-

fore, using these results, a mathematical model is provided to

estimate the INP concentrations as a function of temperature

for immersion freezing, and as a function of temperature and

RHice for deposition nucleation. The deposition scaling fac-

tor works best for values of RHice less than about 120 %. This

can be applied to process studies and regional climate simu-

lations over Europe wishing to include a realistic description

of ice formed from immersion freezing and deposition nucle-

ation on natural dust particles.

The new estimates of INP concentrations were compared

to commonly used parameterisations for immersion freez-

ing and deposition nucleation. The peak concentrations lie

in the middle of a range of estimates from earlier parameteri-

sations for immersion freezing, and for deposition nucleation

they are smaller for warmer temperatures and larger for the

coldest temperatures. The approach presented here captures

a much more realistic vertical and seasonal variability, thus

providing an extra level of utility for model simulations over

Europe. A statistical evaluation with available observations

indicates that the Niemand et al. (2012) and Steinke et al.

(2014) parameterisations produce most of the INPs at simi-

lar concentrations to what the observations suggest, provid-

ing confidence in the results presented here.
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