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Abstract-Vertical gradients in cloud-water composition were investigated during the Ground-based 
Cloud Experiment at Great Dun Fell (GDF) 1993. The cloud-water measurements were performed at two 
heights above the cloud base. The observed changes in cloud-water concentration were not only induced by 
dilution or concentration due to an increasing or decreasing liquid water content (LWC), but also by loss or 
uptake of chemical compounds, and, under appropriate meteorological conditions (downslope flow), by 
evaporation of small droplets between the two heights. The observed vertical gradients were found to be 
ion-specific. Higher amounts of total dissolved material were measured at greater distances above the cloud 
base, e.g. SO- during most of the time of the monitored cloud events. Thus, vertical gradients may be 
important for deposition calculations of trace substances onto vegetation via cloud-water interception. In 
any case, the cloud base is a very important parameter relevant for the cloud chemical studies, because it is 
of importance for data interpretation. 0 1997 Elsevier Science Ltd. 

Key word index: Cloud-water measurements, vertical gradients, ionic concentration, droplet spectra, Great 
Dun Fell, Ground-based Cloud Experiment. 

1. INTRODUCTION 

Clouds develop in supersaturated air by condensation 
of water vapour onto aerosol particles. In the newly 
formed droplets, soluble gases can dissolve and react 
to form new products. Supersaturation, condensation 
and the mixing ratios of trace substances vary with 
height above the cloud base, causing vertical gradi- 
ents of trace substance concentrations in the cloud 
droplets. Vertical movements of air parcels, turbulent 
mixing and entrainment of dry air into the cloud are 
additional processes modifying the vertical gradients. 

While it is obvious that vertical gradients exist, less 
information is avalilable on the magnitude of such 
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gradients. Junge (1963) expected a simple dilution, 
inversely proportional to the increasing liquid water 
content (LWC) with height above the cloud base. 
Mohnen and Vong (1993) reported measurements at 
two heights above the cloud base at Whiteface Moun- 
tain confirming higher trace substance concentration 
of dissolved species close to the cloud base. From their 
measurements they concluded that height above the 
cloud base is an important factor which influences 
cloud-water acidity and will be a source of variability 
in both liquid water content and cloud chemistry. 
More quantitative information on vertical gradients, 
however, is necessary to improve our understanding 
and estimation of pollutant transfer via cloud-water 
deposition onto vegetation in subalpine forests, where 
mountains are immersed in clouds and vegetation on 
slopes is exposed to vertical gradients in chemical 
cloud-water composition. The importance of the 
cloud-water deposition process for forest decline at 
high elevation, in addition to dry and wet deposition, 
has been reported earlier (Lovett, 1984; Krugmann 
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and Winkler, 1989; Pahl et al., 1994; Saxena et al., 
1989; Vong et al., 1991). 

Several investigations have shown that the amount 
of cloud water deposited onto forests increases with 
height, due to increasing LWC, wind speed, and the 
shift of the droplet spectrum to larger droplets (Lin 
and Saxena, 1991; Lovett and Kinsman, 1990; Pahl 
and Winkler, 1993). The decreasing concentration of 
chemical compounds dissolved in cloud water, caused 
particularly by an increasing LWC, may compensate 
for the increasing cloud-water deposition with greater 
elevation and may result in a maximum of ion depos- 
ition via cloud water below the summit (Lovett and 
Kinsman, 1990). Observed vertical gradients in cloud- 
water composition can be caused by simple accumula- 
tion of water with the ongoing condensation process 
(Fowler et al., 1988; Junge, 1963). In this case we do 
not expect that the decreasing concentration of trace 
compounds in droplets with height will lead to signifi- 
cant differences in deposition as a function of elev- 
ation, since the total amount of trace substances does 
not alter in the condensed phase. 

It should be kept in mind that the concentration of 
a trace substance in cloud water does not depend only 
on the LWC but may also be influenced by uptake or 
loss of chemical compounds, and interaction of the 
airflow with complex terrain. Processes like chemical 
reactions of gases with or inside droplets, uptake or 
activation of aerosol particles can alter vertical gradi- 
ents in the cloud-water composition to such a degree 
that they result in vertical gradients in pollutant de- 
position onto vegetation via cloud-water interception. 
The influence of vertical gradients in cloud-water com- 
position on the total amount of trace substances depos- 
ited in upland areas has not yet been evaluated. The 
purpose of this study was to investigate the magnitude 
of vertical gradients in chemical composition near the 
cloud base and the processes which influence them. 

Measurements usually show a high variability of 
the liquid water content as well as of the various trace 
substance concentrations in cloud water (Facchini et 
al., 1992; Mohnen et al., 1990). This variability is 
caused by meteorological conditions and differences 
in the trace substance concentrations in different air 
masses. It is not possible to predict vertical gradients 
from simple theoretical considerations. During the 
field experiment carried out at Great Dun Fell (GDF) 
in April/May 1993 investigations of cloud-water com- 
position were made simultaneously at two heights 
above the cloud base. From these observations it was 
possible to derive vertical gradients of the chemical 
compounds dissolved in the cloud droplets depending 
on the height above the cloud base, and to investigate 
processes affecting these vertical gradients. 

2. MEASURING SITE AND INSTRUMENTATION 

The area chosen for this experiment, as part of the Ground- 
based Cloud Experiment (GCE), includes a ridge oriented 

northwest-southwest in the northern Pennine hills of U.K., 
where orographic clouds frequently occur. The summit of the 
specific hill selected for measurements (Great Dun Fell, 
GDF) is in cloud for some part of more than 200 days every 
year (Gallagher et al., 1988). An extended description of the 
measuring sites and instrumentation is given by Choularton 
et al. (1997). 

At Great Dun Fell, two of the five measuring sites were 
suitable for the investigation of gradients in cloud-water 
composition. The site close to the cloud base called “Mine 
Road” (670 m a.s.1.) is situated on the western slope of the 
approximately two-dimensional ridge. The site on top of 
Great Dun Fell called “GDF summit” has an elevation of 
850 m a.s.1. Therefore, the difference in elevation above the 
cloud base between Mine Road and the GDF Summit is 
180 m while the horizontal distance is about 500 m (Colvile, 
1994). During the experiment the air flow was mostly down- 
slope and both sites were located in the same air mass. 
Therefore, and because of the short horizontal distance be- 
tween the two sites, the measurements performed at these 
ground-based sites represent the in cloud situation at differ- 
ent heights above the cloud base. 

It should be emphasized that these ground-based 
measurements are not considered to be representative for 
vertical gradients in clouds of the free atmosphere. They were 
designed and are relevant for the investigation of the depos- 
ition of cloud droplets to forest canopies on mountain slopes 
by cloud-water impaction. 

For the investigation and determination of the vertical 
gradients in cloud water we used the following. 

Active cloud-water collectors at both, the GDF Summit 
and Mine Road sites. A detailed description of the samp- 
ling instrument is given by Winkler (1992) and of its 
performance by Schell et al. (1992); weighing of the sam- 
ples and comparison with the liquid water content of the 
PVM (see below) gave collection efficiencies between 70 
and 80% (Pahl and Winkler, 1995). 
Active two-stage cloud-water collector (Schell et al., 
1997). 
Data for the chemical composition of the cloud water 
according to Laj et al. (1997), who also discussed the 
analytical quality. 
Measurements of the liquid water content (LWC) with two 
PVM-100 (Gerber, 1984). The data were averaged for the 
periods during which cloud water was collected (typically 
1 h). 
Measured droplet size spectra as discussed by Colvile et al. 
(1997). 
Description of the meteorological situation by Colvile 
et al. (1997) and 72 h back trajectories provided by the 
German Weather Service (Swietlicki et al., 1997). 

In order to investigate vertical changes of trace substance 
concentration in cloud water and to compare measurements 
of different altitudes, it is useful to convert the liquid-phase 
concentration into air-equivalent units. Therefore, the fol- 
lowing expression is applied: 

[X](neqmm3) = [X](~eq/-i)LWC(em-3) (1) 

where [X] is the concentration of a given chemical species in 
cloud water and LWC the averaged LWC during the samp- 
ling period (the LWC was taken from the PVM measure- 
ments). This weighted concentration simplifies the 
investigation of the vertical gradients, because the dissolved 
trace substance concentration expressed in air-equivalent 
units is independent of the amount of condensed water in 
which the species is dissolved. In the case of pure dilution 
occurring between Mine Road and GDF Summit, due to 
higher LWC at the GDF Summit. eaual air-eauivalent con- 
centrations at both sites would be observed. Only losses or 
uptake of aerosol and gas-phase reactions occurring between 
the two sites can cause gradients in weighted concentrations. 
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In terms of quantifying the deposition of trace substances 
onto vegetation as a function of height above the cloud base, 
any alteration of the total dissolved material will have 
a great impact (Pahl, 11.996). 

3. CASE STUDIES 

Most measurements were made during discrete pe- 
riods of several hours in length. Three events were 
chosen for the investigation of vertical gradients in 
cloud-water composition (Table 1). During the se- 
lected events a “connected flow” was detected by 
several indicators, i.e. the air sampled at the five 
measuring sites bebow and inside cloud on the up- 
wind side of the ridge as well as on the down-wind side 
was indeed from the same air parcel (see Colvile et al., 
1997). In the following case studies the vertical gradi- 
ents for various trace constituents dissolved in cloud 
droplets are studied, taking into account the local as 
well as the large-scale meteorological situation, the air 
mass origin and the air flow over the hill. 

3.1. Morning of 9 May 

In this event northeasterly wind was observed at all 
measuring sites. The air flow between the two sites 
above the cloud base, GDF Summit and Mine Road 
was downslope resulting in partial evaporation of 
droplets during transport from the GDF Summit to 
the Mine Road. The trace substance composition in 
the cloud water with relatively high concentrations of 
NO; and SO:- of 49 and 186 neq rnm3, respectively, 
indicated a continentally influenced air mass. Addi- 
tionally, the sea-salt concentration was quite low, 
which confirmed mainly the continental character of 
the air mass. 

At the beginning of the event, higher concentrations 
of H+, NH:, NO; and SOi- expressed in air equiva- 
lent units were measured at the GDF Summit as 
compared to the Mine Road (Fig. 1). Accordingly, 
there must have been a loss of dissolved material to 
the interstitial air within the cloud during the trans- 
port from the top to the cloud base which can only be 
explained by complete evaporation of a droplet frac- 
tion or escape of gas. Another possible contribution 
could originate from deposition of large droplets be- 
tween the two sites; however, as was calculated by 
Colvile (1994), this influence is of negligible import- 
ance and can thus be ruled out in our case. 

The opposite behaviour was found by dissolved 
compounds originating from sea-salt aerosol, e.g. 
Na+ which does not show any distinct vertical gradi- 

ent during the event (Fig. 1). The different behaviour 
of Na+ and SO:- appears to be caused in their 
different distribution across the droplet spectrum. The 
sea-salt aerosol was preferentially dissolved in the 
larger droplets while non-sea-salt SO:- was found in 
the smaller droplets (Gieray et al., 1997). The non-sea- 
salt (nss) SO:- is calculated applying the equivalence 
ratio of SOi- to Na+ of 0.119 in sea salt (Friedlander, 
1973). 

For investigating the influence of droplet size on the 
evolution of vertical gradients in dissolved trace sub- 
stances, a two-stage fog water collector sited at the 
GDF Summit was used (Schell et al., 1997). 
During the first 5 h the LWC was distributed between 
the smaller (6 < d < 11 pm) and larger (d > 11 pm) 
fraction of the droplets. The strongest vertical gradi- 
ents in H+ and nss SO:- occurred especially during 
periods when high concentrations were found in the 
fraction of small droplets (Fig. 2). 

The distinct vertical gradients for the major ions 
(Fig. 1) became negligible towards the end of this 
event. After 6 a.m. BST the concentrations as well as 
the extent of the vertical gradients for H+, NO; and 
nss SO:- decreased significantly while the LWC 
remained high. This development was caused by ad- 
vection of a less polluted air mass after that time 
(Swietlicki et al., 1997). In this second part of the event 
the main amount of water was shifted to the larger 
droplets and led to a significant decrease of trace 
substances dissolved in the small droplet fraction 
(Fig. 2). Since small droplets evaporate more rapidly 
than larger ones (Huret et al., 1994) we expect the 
smallest droplets to evaporate completely during 
transport from the GDF Summit to cloud base (close 
to Mine Road). This effect could be confirmed by 
FSSP measurements (compare Figs 4b and 6b). Thus, 
the chemical constituents dissolved in this small drop 
size fraction at GDF Summit, like H+, NO; and nss 
SO:-, were turned to the interstitial gas or aerosol 
phase at Mine Road while the total amount of these 
ions in the liquid phase decreased during transport 
from GDF Summit to Mine Road. 

Trace substances preferentially dissolved in the par- 
tially shrinking larger droplets, such as Na+, re- 
mained in the liquid phase as seen from the nearly 
unchanged Na+ concentration (air equivalent units) 
at Mine Road. 

3.2. Night of 9-10 May 

The second case study was characterized by a mari- 
time air mass. The backward trajectories indicated 

Table 1. List of periods investigated for cloud-water composition in two heights above cloud base 

Case 

1 
2 
3 

Date Time No. of samples No. of samples 
(GDF Summit) (Mine Road) 

09.05 oo:ot-1200 12 10 
09.05-10.05 20:00-o7:oo 11 11 

10.05 18:00-2400 6 4 



2580 S. PAHL et al. 

z 

1.0 

; OS 

5 0.0 
400 

0 
200 

*z 
2 100 
+P 

E 
0 

200 

% 
3 
8 100 
,m 

kz 
0 

40 

A_ _ 
db- 

I - 
-_*= - =I 

.:.,.r.r,.. :. i .  : : 
: j  .:: :.>:. . j  /. :. .:. :,+ 

.: .I .. ., 

0:oo 2:oo 4:oo 6:00 8:OO lo:oo 12:oo 
09lO5/93 

Fig. 1. Comparison of liquid water content (LWC) and cloud-water composition measured at two heights 
above the cloud base. Concentrations of dissolved H+ and major ions show higher air-equivalent 
concentrations at the higher level above the cloud base (GDF Summit) than close to the cloud base (Mine 

Road). 

a stably stratified situation. The lowest layer of air Low concentrations of NO; and SOi- in the 
came from the North Sea south of the Shetland Is- liquid phase, 30 and 60 neqm-‘, respectively, in- 
lands. The higher levels (850 h Pa) were of continental dicated minor industrial influence on the air mass 
origin starting over Russia, but due to the stability while it passed cities at the east coast of Britain. The 
only little mixing of both air masses could be ex- wind at GDF was mainly northeast and the Mine 
petted. This meteorological situation did not change Road was again on the downwind side of the ridge. 
during the whole event (Swietlicki et al., 1997). The LWC was high with 0.67 g rnm3, on average, at 
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Fig. 2. Size-dependent distribution of LWC and air-equivalent concentration of dissolved H+ and SO:- in 
cloud water at the GDF Summit for small (5 < d < 11 pm) and large droplet size (d > 11 pm) measured 

with a two-stage cloud-water impactor. 

the GDF Summit and 0.28 g mm3 at Mine Road and 
the variation remained small. The difference in the 
LWC between GDF Summit and Mine Road was 
slightly above the adiabatic gradient which is a piece 
of evidence for slight entrainment of dry air into the 
investigated cloud (Colvile et al., 1997). 

During this long event with a duration of 11 h no 
significant gradients in the H+, NH:, NO; and nss 
SOi- air-equivalent concentrations between GDF 
Summit and Mine Road were observed (Fig. 3). The 
concentration ratios between GDF Summit and Mine 
Road remained close to unity throughout the period. 
Also, substances derived from the sea-salt aerosol, like 
Na+ and Mg2+, did not show any significant gradi- 
ents between the two sites. This indicates that the 
LWC at the Mine IRoad was still high enough to keep 
the condensation nuclei incorporated in the cloud 
droplets, i.e. droplets became smaller but did not 
evaporate when arriving at Mine Road site. This 
interpretation is corroborated by the FSSP measure- 
ments. The measured droplet spectrum was uni- 
modal at the GDYF Summit as well as at the Mine 

Road. The volume median diameter (VMD) in the 
upper part of the cloud was higher at an average of 
15.8 pm at the GDF Summit, while close to cloud 
base the VMD had decreased to 12.5 pm at the Mine 
Road (Fig. 4a). Thus, the droplets shrunk in size but 
did not evaporate completely, as confirmed by the 
total number of droplets larger than 5 pm diameter, 
which did not change during the transport from GDF 
Summit to Mine Road (Fig. 4b). 

3.3. Evening of 10 May 

During this event the air-equivalent concentrations 
of H+, NH:, NO; and SOi- in the liquid phase were 
relatively high, with maximum values of 90 neq m- 3 
NO; and 270 neqme3 SO:-. The concentrations 
were of comparable magnitude to those on the morn- 
ing of 9 May. Any maritime influence on the cloud- 
water composition was small, as was shown by low 
sea-salt concentrations. Three-dimensional back- 
trajectories over 72 h indicate that during the whole 
event the air mass which arrived at GDF started from 
a higher level over Russia and slid under the maritime 
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Fig. 3. Comparison of LWC and cloud-water composition measured at two heights above the cloud base. 
Concentrations of dissolved H+ and major ions show similar air-equivalent concentrations at the higher 

level above the cloud base (GDF Summit) than close to the cloud base (Mine Road). 

air mass from north of Great Britain (Swietlicki et al., wind flow from the GDF Summit to the cloud base 
1997). In this case some turbulent mixing of both air site at Mine Road. 
masses may have occurred and the reduced maritime This event started with very high LWC and showed 
influence on the evening of 10 May compared to that a maximum hourly average of 0.90 g mm3 at the GDF 
during the night of 9-10 May (second case study) can Summit and 0.41 g me3 at the Mine Road from 8 to 
be explained. The wind direction at the GDF Summit 9 p.m. The measured LWC at the Mine Road was up 
was northeast to eastnortheast with down- to 33% lower than the expected adiabatic LWC 



Dissolved chemical constituents 2583 

I I I I I 

21:00 23:00 I :oo 3:oo 500 7:oo 
09/05/93 10/05/93 

600 

1 

o- 
21:oo 23:00 1 :oo 3:oo 5:oo 7:oo 

09/05/93 10/05/93 

Fig. 4. Comparison of the cloud droplet volume median diameter and number concentration of droplets 
larger than 5 pm diameter measured at two heights above the cloud base with a Forward Scattering 

Spectrometer Probe (FSSP). 

which indicated entrainment of dry air from above the 
cloud (Colvile et ai., 1997). The development of the 
dissolved major ions as well as H+ and Na+ at both 
sites is presented in Fig. 5. Strong vertical gradients in 
the air-equivalent concentrations, especially for NHf , 
NO; and nss SO:- were observed, while components 
originating from tb: sea salt (e.g. Na+) did not show 
any significant vertical gradients. The amount of 
NH: in the liquid phase was about 110% higher at 
the GDF Summit than at Mine Road, while NO; and 
SO:- were higher by 63 and 93%, respectively. These 
gradients cannot be explained by uptake of trace 
gases with subsequent liquid-phase reactions because 
of the expected longer lifetime of the droplets at the 
Mine Road. Such a process could only explain an 
inverse vertical gradient, with higher concentrations 
at Mine Road. 

The observed vertical gradients of NO; and SO:- 
are inversely correlated to the development in the 
LWC at the GDF Summit. The vertical gradients 
increased while the LWC at both sites decreased. 
A similar explanation of the observed gradients as in 
case 1 (morning of 9 May) can be given here, namely, 
that different size fractions of aerosol particles are 
incorporated into the cloud droplets of various size. 
On the way down to the cloud base the smaller 
droplets evaporate more rapidly. Obviously, the 
smallest evaporating droplets dried and released aero- 

sol particles such as (NH&SO4 or NH4N03 on the 
way down to the Mine Road. The NH,f concentration 
plotted for both sites (Fig. 5) confirms this assump- 
tion. The NH: concentration remains nearly con- 
stant at the GDF Summit while at the Mine Road the 
concentration decreased by about a factor of 0.5 with 
decreasing LWC. 

The vertical gradients of nss SO:- and NH: were 
steeper than that of NO;, perhaps because of a drop- 
let size-dependent distribution of those compounds: 
nss SOi- has primarily been incorporated in smaller 
droplets while NO; is not expected to have shown 
a pronounced size dependence. Uptake of NO; into 
the droplets from the gas phase (HN03) should have 
caused higher concentrations (expressed in air-equiv- 
alent units) in the larger droplets because of the high 
solubility which would permit droplets of all sizes to 
achieve equilibrium according to Henry’s law. Due to 
the greater volume of the large droplets they contrib- 
ute more to the total amount of NO; in the liquid 
phase than the smaller ones. SO2 is less soluble than 
HN03 and it can be expected that only smaller drop- 
lets are able to reach equilibrium, especially when the 
lifetime of the droplets is short due to a higher cloud 
base at the upwind side of the ridge. 

During this cloud event the measurements of the 
two-stage cloud water collector could not give any 
additional information to confirm this hypothesis, 
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Fig. 5. Comparison of liquid water content (LWC) and cloud-water composition at two heights above the 
cloud base. Concentrations of dissolved Hf and major ions show higher air-equivalent concentrations at 

the higher level above the cloud base (GDF Summit) than close to the cloud base (Mine Road). 

because the droplet spectra were shifted to very large pieces of evidence that also a fraction of droplets with 
droplets. A VMD of 19 pm on average and the fact diameters above 11 pm are expected to evaporate 
that only a small part of the total LWC was found in during transport from GDF Summit to the cloud 
the small size bin (e.g. LWC < 0.1 grne3 for drop base. However, the main reason for the specific verti- 
sizes 5 < d < 11 pm) while a LWC difference of cal gradients of nss SO:- and NO; is assumed to be 
0.45 g m-j, on average, between GDF Summit and caused by partial evaporation of the smallest droplets 
Mine Road was observed and can be interpreted as due to entrainment of dry air between Summit and 
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Fig. 6. Comparison of the cloud droplet volume median diameter and number concentration of droplets 
larger than 5 pm diameter measured at two heights above the cloud base with a Forward Scattering 

Spectrometer Probe (FSSP). 

Mine Road station. This is confirmed by a compari- 
son of droplet spectra at the two sites. While the 
VMD did not change significantly (Fig. 6a) the num- 
ber of droplets with a diameter above 5 pm (lower 
cut-off of cloud-water collectors) decreased from 
360 cmw3 at the GDF Summit to 150 cmm3 at the 
Mine Road (Fig. 6b). 

4. INTERPRET4TION OF THE OBSERVATIONS 

The observations obtained during the GDF experi- 
ment brought the unexpected result that the various 
ions exhibit different gradients as a function of height 
above the cloud base. Those ions which mainly occur 
in the coarse aerosol fraction like Na+ (sea salt) are 
activated as condensation nuclei at the very beginning 
of the cloud formation. Thus, these ions also form 
large cloud droplets as the air rises more and more 
above the cloud base. Since the number of coarse 
aerosol particles is limited, they are completely ac- 
tivated at a very early stage of cloud formation. When 
the air continues to lift upwards over the hill, the 
supersaturation depending on the slope of the hill and 
on the uplift velocity reaches such high values that at 
higher levels above the cloud base more and more 
smaller aerosol particles become activated. This is 
confirmed by the modelled supersaturation profile for 
easterly flow which showed a second maximum close 

to the GDF Summit (Bower et al., personal commun- 
ication). Since the small particles consist mainly of 
(NH&S04, the SO:- concentration in the conden- 
sed phase rises with height above the cloud base. 
These small condensation nuclei form only small 
droplets. Thus, we expect a large droplet fraction 
containing a certain amount of ions originating from 
coarse particles and a small droplet fraction which 
develops at higher levels above the cloud base and 
incorporates aerosol particles of different chemical 
composition. This process, which transforms different 
aerosol particle sizes into different drop sizes, is dis- 
turbed when soluble gases such as, e.g. SOi, NH3 or 
HN03 are also available. Once droplets are formed, 
these gases try to equilibrate according to Henry’s 
law. However, no special droplet size is preferred but 
the gases dissolve in any droplet size. Whether 
Henry’s law equilibrium can be achieved will depend 
on how quickly the droplets grow to their final size, or 
whether the droplet growth continues because super- 
saturation is still present. The gas transfer to the 
liquid phase must be proportional to the droplet sur- 
face area, i.e. very small droplets and those droplets 
which contribute mostly to the surface are expected to 
equilibrate faster while the droplets with the largest 
volume equilibrate later. 

Here a complicated equilibration process starts, 
depending on the development of supersaturation, the 
development of the drop size distribution, diffusion 
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coefficients, the amount of trace gases and their Henry 
coefficients, and so on (Schwartz, 1986). When the 
first droplets are formed, they take up soluble gases. 
The highly soluble gases, especially HNOa, will nearly 
completely transfer to the liquid phase where upon 
the gas phase depletes. As supersaturation remains 
high and new condensation nuclei are activated, these 
new droplets can only equilibrate to a lower gas-phase 
concentration while the droplet fraction which was 
formed earlier and contained most of the HN03 
grows to larger drops. Less-soluble gases like SO2 do 
not deplete so rapidly and thus smaller droplets which 
develop late are exposed to gas-phase concentrations 
similar to those near the cloud base. However, large 
drops which contribute more to the volume than to 
the overall drop surface can reach equilibrium for 
highly soluble gases and thus their contribution to the 
dissolved material per m3 air will be high. It is 
through processes such as these that certain ions are 
not uniformly distributed across the drop size spec- 
trum. 

It must be emphasized that such processes are a re- 
sult of the airflow over complex terrain, and will not 
be generally applicable for a cloud in the free tropo- 
sphere. The interpretation given above is complicated 
further when uptake of trace gases with subsequent 
liquid-phase reaction occurs, as for example SO2 with 
subsequent oxidation by O3 or Hz02 and neutraliza- 
tion by NH3. This process needs some time which can 
also lead to formation of vertical gradients. However, 
since this SO;- should remain in the cloud water 
when the air was flowing from the GDF Summit to 
the cloud base station, both sites should exhibit sim- 
ilar SO:- concentrations in the condensed phase or 
the lower station should even show higher concentra- 
tions, because more time was available for a liquid- 
phase production due to the air flow downhill during 
the events studied. Although liquid-phase production 
of SOi- took place (Laj et al., 1997), we have evidence 
that the height dependence of the activa- 
tion of aerosol particles in the accumulation mode 
gave the main contribution to the gradients which 
were observed. It can be concluded that trace substan- 
ces mainly incorporated in larger droplets which do 
not evaporate so rapidly exhibit smaller or no gradi- 
ents between two heights above the cloud base, while 
trace substances mainly dissolved in the smaller drop- 
lets show distinct vertical gradients with the lower 
concentration close to the cloud base. This process 
will be intensified by entrainment and homogeneous 
mixing. 

5. CONCLUSION 

Vertical gradients can be expressed in terms of 
concentration per litre of cloud water or in terms of 
chemical compounds in the condensed phase per m3 
of air. While the first type depends on the condensa- 
tion process above the cloud base, the second type 

allows the study of processes independent of dilution 
by condensation. 

During the GDF-experiment three case studies in 
evaporating clouds under different conditions have 
been conducted. The flow in each case was downhill 
so that the air flow at the cloud base site was out of 
the cloud. In the first case, the liquid water content 
was low so that the smallest droplets had already 
evaporated above the cloud base site. In the second 
case, the liquid water content was high and all drop- 
lets had become smaller but no size fraction evapor- 
ated between the sites. In the third case, the liquid 
water content was highest but due to entrainment of 
dry air from above the cloud between the two sites, 
again the smallest droplets evaporated completely 
during transport. 

Since the cloud-water composition was not uniform 
across the drop spectrum, vertical gradients above the 
cloud base were different for various ions in the case of 
selective evaporation of small drops at some distance 
above the cloud base. Those ions incorporated in 
large drops do not exhibit significant vertical gradi- 
ents in terms of equivalent units per m3 of air while 
those ions in small droplets develop large vertical 
gradients. The principal development of vertical 
gradients is summarized in Fig. 7. The behaviour of 
SO:- and Na+ is presented for two cases: the solid 
curve represents the situation where all SOi- and 
Na+ remain in the liquid phase. The concentration 
per litre of cloud water increases inversely with the 
LWC, and in this case the air-equivalent concentra- 
tion per m3 air remains constant with height. The 
dashed line represents the observed case for SO:-, 
where small droplets containing most of the SO:- 
evaporate between the sites. One would expect that in 
the opposite than the observed case, i.e. when the air 
enters the cloud base, new small droplets would have 
formed in between the two sites producing similar but 
not necessarily the same vertical gradients of dis- 
solved ions. The concentration in peq!-’ increases 
only slightly towards the cloud base, and here the 
air-equivalent concentration per m3 of air decreases 
strongly with decreasing height. It should be kept in 
mind that liquid-phase production of SO:- in cloud 
water had raised the concentration at the cloud base 
at the point marked as “observed” concentration. 

The observed gradients of Na+ deviated much less 
from the solid curve which is valid when all Na+ 
remains in the liquid phase, giving the same expected 
concentration increase (peq 8-l) towards the cloud 
base as for SOi- (constant air equivalent concentra- 
tion per m3 of air). Since Na+ also is partly found in 
small drops which evaporated above Mine Road, 
their Natcontent is lost from the liquid to the inter- 
stitial phase resulting in the “observed” concentration. 
The air-equivalent concentration decreases only 
slightly towards the cloud base. 

The observed vertical gradients showed large vari- 
ations and individual extent for the specific ions. 
Thus, the results cannot be generalized for cloud base 
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(a) 

Vertical Gradients for 
Sulphate and Sodium 

in Cloud Water GDF Summit ____ ~ __.______________ _ __________ _ ___.__.... 

Developement of cloud water concentration per litre 
(b) relative to the summit [%] 

Fig. 7. Sketch showing the development of vertical gradients 
for different chemical constituents in cloud water during 
transport from GDF Summit to Mine Road near the cloud 
base. The solid curve describes the expected case in which all 
material is dissolved in cloud drops at GDF Summit remains 
in the liquid phase. The expected increase in concentration is 
caused by the decreasing LWC, and will be valid for all 
chemical constituents. The development of the observed so- 
dium concentration (dashed-dotted curve) deviates much 
less to the expected than the observed non-sea-salt sulphate 
concentration (dashed curve), because sodium is mainly dis- 
solved in large drops which become smaller during transport 
to cloud base but which do not evaporate completely as the 

small sulphate containing droplets will do. 

situations, especially in newly developing clouds, 
although similar gradients may form under certain 
conditions. In any case vertical gradients are also 
influenced by interaction of the air flow with complex 
terrain because the supersaturation history and ther- 
modynamic equilibration is strongly depending on 
the location of first condensation and the distance to 
the measuring site. 
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