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Abstract

The typical distributions of dynamical fields within ice supersaturated regions are in-
vestigated. The dynamical fields divergence, relative vorticity, and vertical velocity are
analysed statistically in two ways, namely using the unconditioned data and data con-
ditioned on the presence of ice supersaturation. Two geographical regions are consid-5

ered, namely Europe (250 hPa level) and the tropical belt from 30◦ S to 30◦ N on two
pressure levels (200 and 150 hPa). The study is based on forecast data from the Euro-
pean Centre for Medium-Range Weather Forecasts for March 2012 solely. We find that
histograms (frequency distributions) and low order moments of the dynamical fields dif-
fer substantially and statistically significantly inside and outside of ice supersaturated10

regions. As expected, upward and divergent flow favours ice supersaturation. But we
find also that ice supersaturation is mostly located in anti-cyclonic flow. The latter re-
sult is probably due to the structure of warm/moist and cold/dry air streams in synoptic
disturbances in mid-latitudes, but probably merely coincidental in the tropical belt.

1 Introduction15

Ice supersaturated regions (ISSRs, for a recent review see Gierens et al., 2012) are
peculiar regions in the upper troposphere with relative humidity with respect to ice (RHi)
exceeding saturation. There is a tacit understanding that the temperature of ISSRs
should be lower than the supercooling limit of liquid water (i.e. T ≤ −38 ◦C) in order not
to count mixed phase clouds as ISSRs (water saturation within a mixed phase cloud20

implies ice supersaturation). In-situ formation of cirrus clouds is possible (i.e. formation
by slow uplift instead of formation by convection) and aircraft condensation trails can
persist for hours only in ISSRs. As in-situ cirrus formation usually requires quite high
values of ice supersaturation, ISSRs are often cloud free. Ice supersaturation also
occurs within cirrus clouds, but naturally there is a tendency to approach saturation25

due to growing ice crystals.
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ISSRs are special in other respects as well. For instance, we find on average lower
temperatures and higher specific humidities within ISSRs than in the remaining parts
of the upper troposphere (Gierens et al., 1999; Spichtinger et al., 2003b; Spichtinger,
2004). This might point to formation of ice supersaturation by lifting of air masses or
might alternatively mean that ISSRs form predominantly when and where it is relatively5

cold and moist.
From case studies (Spichtinger et al., 2005b,a), weather analyses (Irvine et al., 2012)

and from satellite data analyses including cirrus and contrail occurrence (Kästner et al.,
1999; Wylie, 2002; Spichtinger et al., 2003b) we know that ISSRs occur preferentially
in relation to certain synoptic weather patterns, e.g. the storm tracks and jet streams.10

Wylie (2002) mentions cumulonimbus convection, baroclinic fronts and lows and oro-
graphic lifting as cirrus generation mechanisms that are of interest here. Kästner et al.
(1999) found the majority of automatically detected persistent contrails in divergent
flow patterns in the upper troposphere in slowly rising warm (ahead a surface warm
front) or locally turbulent cold air masses (ahead a surface cold front near a band of15

strong wind). These results indicate that also ISSRs occur related to certain dynamical
features and this expectation will be tested in the current paper.

For such a study, we need fields of relative humidity and dynamics for large geo-
graphic regions. Such data are currently only available from Numerical Weather Pre-
diction (NWP) models. A study like this would have been impossible ten years ago20

when ice supersaturation was generally not allowed in weather forecast models as all
excess vapour was immediately turned into precipitation. Fortunately, this situation has
changed and ice supersaturation is nowadays represented in at least some weather
forecast models. For instance, the European Centre for Medium-Range Weather Fore-
casts (ECMWF) implemented a new scheme in its Integrated Forecast System (IFS) in25

2006 (Tompkins et al., 2007). Here we use operational forecast data from the determin-
istic system. The retrieval procedure and data handling are described in the Sect. 2.
Results in the form of frequency histograms and low order moments are presented and
discussed in Sects. 3 and 4. Finally, conclusions are drawn in Sect. 5.
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2 Data treatment

The current investigation is based on operational forecast data from the ECMWF IFS.
An update to the IFS (cycle 37r3) was implemented on 15 November 2011 with modifi-
cations in the treatment of supersaturation. Thus, we use the forecast with a lead time
of 24 h for each day in March 2012 for two regions, Europe (27◦ W to 45◦ E, 33◦ N to5

73.5◦ N) on the 250 hPa level, and the tropical belt (30◦ S to 30◦ N) on 150 and 200 hPa.
Europe is considered here a typical mid-latitude region, and the tropical levels are se-
lected because ISSRs are known to be frequent there (Spichtinger et al., 2003b). The
spectral T1279 data are interpolated to a spatial resolution of 0.25◦ ×0.25◦. For Eu-
rope we use forecasts initialised at 00:00 and 12:00 UTC (i.e. 62 data sets) while for10

the tropics we only use the forecast initialised at 00:00 UTC (31 data sets). The monthly
mean fractional coverage (on the selected pressure level) of ISSRs is 8.8 % for Europe
(with a total range from 2.8 % to 19.1 %), consistent with recent results from Irvine et al.
(2012) who note a low bias of the occurrence frequencies of ISSRs in the ECMWF re-
analyses (ERA-interim). The corresponding values are 10.3 % (8.9 % to 11.7 %) and15

9.5 % (7.7 % to 11.7 %) in the tropical belt on 200 and 150 hPa, respectively. These
numbers are low biased as well, as comparisons with various data sources can show,
for instance satellite data (Spichtinger et al., 2003b; Lamquin et al., 2012) and MOZAIC
data (Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft, Luo et al.,
2007, 2008). Low biases of ISSR occurrence, however, are not detrimental to our study20

as long as they are modelled at the right locations and in the right proportions. This
quality is usually conceded to the IFS model (Luo et al., 2008; Irvine et al., 2012).

We analyse the following dynamical fields: horizontal divergence (δ = ∂u/∂x+
∂v/∂y), relative vorticity (ζ = ∂v/∂x−∂u/∂y), and the vertical velocity ω (in pres-
sure coordinates, units Pa s−1, that is, negative values signify upward motion). These25

fields and the relative humidity field have been retrieved on standard pressure levels.
Low temperatures on 250 hPa and higher up imply according to the implementation in
the IFS that the relative humidity is relative to ice and values exceeding 100 % signify
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ice supersaturation (that is, an ISSR). We take the relative humidity field without con-
sidering the possible existence of clouds in the same grid box (a fully cloud covered
grid box has no supersaturation by implementation because the model time step is
considered long enough that all initial supersaturation within a cloud can be consumed
by crystal growth, see Tompkins et al., 2007).5

We compute frequency distributions (histograms) of the dynamical fields in the se-
lected regions from all data and restricted to ISSRs for the complete month. The his-
tograms are normalised to mode values (maxima) of unity and are shown up to ±3
standard deviations of the whole respective data set (σall). Additionally we compute
first the four lowest moments for each single forecast (indexed with i ). These low mo-10

ments are mean µi , standard deviation σi , skewness Si and kurtosis κi . For a set of
data ξni given at n = 1 . . .N grid points they are defined as:

µi =
1
N

N∑
n=1

ξni , (1)

σi =

[
1

N −1

N∑
n=1

(ξni −µi )
2

]1/2

,

Si =
1
N

N∑
n=1

(
ξni −µi

σi

)3

, (2)15

κi =
1
N

N∑
n=1

(
ξni −µi

σi

)4

−3. (3)

Then these four quantities are averaged over all 62 or 31 forecasts (giving µ, σ, S,
and κ) and the corresponding standard deviations are computed in order to see how
variable µi , σi , Si , and κi are in the course of the month and whether values are sta-
tistically different from zero. For clarity, we give an example (let I be the number of20
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forecasts analysed):

σ =
1
I

I∑
i=1

σi , (4)

σσ =

[
1

I −1

I∑
i=1

(σi −σ)2

]1/2

.

Thus, σ is the mean of the daily (or twice daily) standard deviations σi , and σσ is the
standard deviation of the distribution of the individual σi , which can be exploited to5

analyse statistical significance. Analogous procedures are applied for mean, skewness
and kurtosis. These quantities are presented in Table 1. Note that the mean µ is indeed
the monthly mean (as taken at once over all i and n) while this is not so for the other
moments (because their determination involves non-linear operations), for instance:

σall =

[
1

IN −1

I∑
i=1

N∑
n=1

(ξni −µ)2

]1/2

, (5)10

and this is slightly different from σ above.

3 Results

The frequency distributions of divergence, relative vorticity, and vertical wind speed are
plotted as histograms in Figs. 1 to 3. As mentioned, the overall standard deviations σall
of the respective field (all times and grid points) have been used to define the bins15

and to normalise the data by division of all single values with σall. Note that the same
σall is used for both the data of a region as a whole (unconditioned distribution) and
the ISSR-restricted data (ISSR-conditioned distribution). Large differences between
these unconditioned and ISSR-conditioned distributions are immediately evident for all
regions and all quantities considered.20
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For instance, the ISSR-conditioned distribution of divergence is shifted to the right
(positive values) of the respective unconditioned distribution in all regions and in the
tropics on 200 hPa it is also much broader. The divergence distributions seem to be
close to Gaussian. There are no substantial differences between corresponding distri-
butions from southern hemispheric (SH) and northern hemispheric (NH) tropical distri-5

butions.
The tropical vorticity distributions look slightly skewed, with different sense in the two

hemispheres, but most skewness values are insignificant (see Table 1). The vorticity
mean values of the ISSR-conditioned distributions are roughly 2 to 4 times larger mean
values than averages of the corresponding unconditioned data. However, since the vor-10

ticity standard deviations are about 10 times larger than the mean values of the uncon-
ditioned data, the differences in the mean of the unconditioned and ISSR-conditioned
data are not spectacularly visible in the histograms. The two vorticity distributions differ
most for the mid-latitude region of Europe. Both are clearly non-Gaussian and their
shapes differ strongly. While we have a very broad unconditioned vorticity distribution15

with a mean close to zero, the ISSR-conditioned vorticity distribution is narrower, but
with a strongly negative mean value and hardly any positive values. Seemingly, most
European ISSRs in the analysed dataset were located in anti-cyclonic flows.

The mean vertical velocities of the unconditioned distributions are close to zero, but
those within ISSRs are clearly negative and generally their magnitude is an order of20

magnitude larger than the former. We find slightly negatively skewed distributions for
the unconstrained data, but distinctively negatively skewed distributions within ISSRs.
The tropical histograms are mutually similar and they are also similar to the histogram
of the European data. As one might expect, uplifting prevails in ISSRs.

Thus a major result of this study is at least for the anaysed month: ice supersaturation25

is not equally common to all flow patterns and it is preferentially related to certain
flow types, in particular upward motion (as expected), anti-cyclonic flow in northern
mid-latitudes, and divergent flow in the mid-latitudes and the tropics. However, except
for the vorticity over Europe, all distributions overlap to a large degree, which firstly
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reminds us that questions of statistical significance have to be considered (see below)
and secondly shows that there are hardly any flow patterns that are forbidden for the
flow in ISSRs. Instead, the differences mean only that the relative frequency of certain
patterns is different within and outside of ISSRs.

Let us now analyse the entries in Table 1 with the following understanding: we con-5

sider a value (µ, σ, S, κ) significantly different from zero (printed bold in the table) if
its absolute value exceeds at least three times its day-to-day variability (that is, σµ, σσ ,
σS , σκ). The entries in the table are in the form S±σS , for instance. The 3-σ criterion is
fairly strict as less than one percent of the data of a Gaussian distribution lie outside the
±3σ boundaries. Insignificant values imply that the daily variability of that quantity is10

relatively strong compared with its monthly average and sign changes occur frequently.
We start with the divergence. The unconditioned (“all”) mean divergences are almost

all nearly zero and their deviations from zero are insignificant, given the variations from
day to day, except for the NH tropics at 200 hPa. Contrary to this, ISSRs are regions
of positive divergence, and the deviations from zero are significant in all considered15

regions. All mean divergences in ISSRs are at least an order of magnitude larger than
the absolute value of the only significant mean divergence in the unconditioned data.
The mean standard deviations σ are roughly twice as large as the mean divergences
within ISSRs and the daily σi do not vary much during the month, i.e. σσ is gener-
ally much smaller than σ (about an order of magnitude). The divergence distributions20

within tropical ISSRs are considerably wider than the unconditioned divergence dis-
tributions in the same regions. There are significant values of skewness both in the
unconditioned and ISSR-conditioned data in the SH tropics on 150 hPa, and another
one in the unconditioned data of the NH tropics at 200 hPa. All other skewness and all
kurtosis values are insignificant. This is consistent with our earlier impression that the25

histograms of divergence look Gaussian.
In almost all regions we find mean vorticities that are significantly different from zero,

except the unconditioned data of Europe and the SH tropics at 150 hPa. The latter av-
erage, however, is close to significant on the 3-σ level. The (absolute) mean vorticities
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of the ISSR-conditioned distributions are much larger than the unconditioned mean val-
ues of the same region and their significance are generally on a higher than 3-σ level.
The largest absolute vorticity mean value is found in the European ISSRs, which im-
plies their preferential location in strongly anti-cyclonic flow. This strong mean value is
even larger than the corresponding monthly mean standard deviation, that is, a positive5

mean vorticity in European ISSRs was hardly present during March 2012. In all other
regions the standard deviations are much larger than the mean values, so that over
the course of the month the mean daily vorticity sometimes changes sign. Skewness
and kurtosis are insignificant with one exception. Surprisingly, this exception is not the
unconditioned European vorticity distribution with its fairly strange shape, but the “all”10

distribution in the NH tropics at 200 hPa, which is slightly positively skewed.
Considering the vertical velocities we expect to find on average uplift in the ISSRs

because uplift implies cooling and cooling implies rising relative humidity. Indeed we
find negative mean values of ω in the ISSR data which are very significantly non-zero
in the tropics (6 and 13σ) but not significant in the European data (2σ). The uncondi-15

tioned data have a significant mean value only in the NH tropics at 200 hPa, all other
monthly mean values are insignificantly different from zero. The daily fluctuation of the
mean values is quite large, typically twice the absolute value of the mean in the IS-
SRs, but one to two orders of magnitude larger than the averages in the whole regions,
probably reflecting the variation caused by the migrating synoptic systems over Europe20

and the cumulonimbus convection over the tropics. The skewness values are mostly
insignificant, except for the SH tropics at 200 hPa for both the unconditioned and ISSR-
conditioned data sets, where the data are negatively skewed (signifying preference
of upward motion). Admittedly the histograms appear to show negative skewness in
all data sets, but the strict 3-σ criterion lets skewness be significant in only the two25

mentioned cases. The kurtosis is generally not significantly different from zero.
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4 Discussion and interpretation

We have seen that ISSRs are often located in uplifting, divergent and anti-cyclonic flow
patterns. Earlier analyses (e.g. Gierens et al., 1999; Spichtinger et al., 2003b) found
that ISSRs are colder and moister than other regions in the upper troposphere in a sta-
tistical sense and concluded from these findings that ISSRs may form by uplift (inducing5

cooling) and moisture advection. The excess moisture must come from lower layers in
an uplift process. Spichtinger et al. (2003a) found from a radiosonde based study that
ISSRs occur predominantly in a roughly 200 hPa thick layer beneath the tropopause in
moist air masses that are mostly colder than −40 ◦C. Therefore uplifting of air masses
simultaneously has the tendency to lead to ice supersaturation and to divergence be-10

cause of the vertical lid of the tropopause, such that ISSRs and positive divergence
could both be consequences of uplift close to the tropopause. If this is indeed the case
there should be some correlation between the fields. A strong (positive or negative)
correlation between ω and δ would indicate that ISSRs and positive divergence are
both resulting from the same mechanism, uplift, while a weak correlation would signify15

independence between the two fields and then positive divergence can be seen as an
independent condition for ice supersaturation to occur. Surprisingly, the latter of these
possibilities turns out correct. For the European dataset the correlation between ω and
δ is −0.30 for all data, and −0.35 for the ISSRs, cf. Fig. 4 (top panel). These correla-
tions are weak; actually their absolute values must be even smaller, because both fields20

are autocorrelated themselves which we have not regarded in the determination of the
correlation factor. In the IFS the equation for ω has two contributions, one related to the
vertical profile of δ and one related to the angle between isobars and horizontal planes
(a geometric correction). Since δ enters our analysis only on a single level instead of
the whole column and because of the additional geometric correction the surprise that25

ω and δ are only weakly correlated is mitigated. The correlation between divergence
and ω is even weaker in the tropics (we only tested the NH 200 hPa data), and there is
no correlation between the vertical wind and vorticity (Fig. 4, bottom panel). Thus the
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conditions uplift, positive divergence and anti-cyclonic flow are indeed independent of
each other, both generally but as well within ice supersaturated regions.

Some ISSR events are untypically related to a downdraught, to convergence or to cy-
clonic motion. These are probably relatively old ISSRs that either have been advected
to such locations or regions where the conditions since formation have reversed.5

The scatter plots of Fig. 4 reveal another interesting feature, namely the green dots
referring to ISSR data points are completely surrounded by red points, which refer to all
data. Thus, ISSRs are not characterised to have the extreme values in the distributions
(for instance the strongest uplift or the largest anti-cyclonic vorticity); there are regions
with subsaturated humidity which have still stronger uplift, still greater divergence and10

still stronger anti-cyclonic motion than any of the ISSRs in this data set. All parameter
combinations of δ, ζ , ω that have been found for ISSRs can also be found in other
regions. Therefore, in the sense of regression analysis, these dynamical fields alone
are insufficient for a prediction of ice supersaturation. The thermodynamic properties
of an airmass (moisture, temperature) are at least as important for such a purpose.15

We are now interested in finding results from independent data sources that corrob-
orate or contradict ours. For this purpose we can look how cirrus clouds and persis-
tent contrails are situated in weather patterns. Wylie (2002), for instance, reviews older
analyses of cirrus occurrence in relation to the jet stream and Rossby waves. He shows
dense and opaque cirrus to occur close to the ridges of Rossby waves where the flow20

is anti-cyclonic. On the contrary, the sky is clear of cirrus in the cyclonic trough part of
the Rossby wave. A case study of a long-lasting ISSR over Europe (Spichtinger et al.,
2005b) shows the ISSR in anti-cyclonic flow along a high pressure ridge as well. Moist
air ascends on the western side of the ridge in a warm conveyor belt and descends on
the eastern side. Similar mechanisms to promote ISSR formation (slantwise ascent of25

warm air in storms growing on the jet stream) have been found by Irvine et al. (2012)
in an analysis of the relation of ISSRs to different weather patterns. In situations where
a pronounced ridge is located over the Atlantic they find ISSRs in the anti-cyclonic flow.
Warm conveyor belts are dynamical features which Kästner et al. (1999) identify as
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appropriate for detection of persistent contrails. These results corroborate our finding
that in the mid-latitudes ISSRs are predominantly found in anti-cyclonic flow. However,
Kästner et al. (1999) detects almost as many contrails in cyclonic as in anti-cyclonic
flow which is in contradiction to our results and those referred to by Wylie (2002). It
might be that the contrails that are found in cyclonic flow are simply advected from their5

formation regions where the flow is anti-cyclonic.
Immler et al. (2008) find from very sensitive Lidar observations (that could detect cir-

rus down to an optical thickness of around 10−4) at Lindenberg (NE Germany) obtained
during the July/August 2003 heat wave that cirrus are ubiquitous in high pressure sys-
tems and that ISSRs occur very often in anti-cyclonic flow. Yet cirrus cover can be very10

high also in low pressure dominated (cyclonic) situations, namely when it is related to
the warm conveyer belt, which transports moist air from the lower troposphere upward
and which is divergent at least at its upper end; cirrus cover is very low after the pas-
sage of the cold front because the upper tropospheric air in this sector has low absolute
humidity and does not get into contact with the moister tropospheric regions during the15

synoptic development. These results show again that the dynamical fields alone are
insufficient to predict ice supersaturation or cirrus clouds. The recent trajectory of an
airmass is equally important (i.e. had the airmass contact to moist regions or not).

In the tropical UT in the upper branch of the Hadley cell ISSRs are mostly located
where divergence and uplift speed are much larger than in the large-scale mean. Such20

regions are likely related to the outflow of deep convection which transports the nec-
essary moisture into the UT from the moist lower troposphere. In the ISSRs we find
that the mean divergence increases from 200 to 150 hPa while the mean uplift speed
decreases with altitude, which indicates that a vertical flow is decelerated and eventu-
ally turned into a horizontal outflow. However, again strong uplift and large divergence25

alone are not sufficient to imply ice supersaturation; we find such dynamical conditions
also in air with low relative humidity. Figure 5 shows where in the tropical belt higher
than typical (defined as δ > 16×10−6 s−1) divergence occurs frequently. These regions
along the ITCZ are more or less congruent with regions where ISSRs are frequent, too.
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This map shows frequent ISSR occurrence where it was also found in satellite data,
the Microwave Limb Sounder (Spichtinger et al., 2003b) and the Atmospheric Infrared
Sounder (Gettelman et al., 2006; Lamquin et al., 2012).

A different picture is obtained by looking in the same way at the vorticity, see Fig. 6.
Although the mean vorticity is about twice as large in ISSRs than in the rest of the5

tropics, it seems that this is likely coincidental. In fact, ISSRs mostly appear in regions
where more extreme vorticities appear relatively frequently. But while the highest occur-
rence frequencies of ISSRs occur close to the equator (ITCZ) on the 150 hPa level, the
highest occurrences of large vorticity values (here chosen as ζ < −13×10−6 s−1 in the
NH and ζ > 13 × 10−6 s−1 in the SH) are located close to the subtropical subsidence10

zones where ISSRs usually do not occur. Therefore, in contrast to the mid-latitudes, for
the tropics we do not expect a hidden causal relation that favours ice supersaturation
to occur especially in regions where the magnitude of vorticity is higher than usual.

The distribution of water vapour and its transport in the tropical belt (30◦ S to 30◦ N)
has been studied using ten years of MOZAIC data (Luo et al., 2007). Although this15

study uses data from lower layers (200 to 300 hPa) than what we look at here and
looks especially into three tropical regions (tropical Atlantic, Africa, Asian monsoon
region), the results corroborate our findings by and large. The upper tropospheric hu-
midity distribution is strongly affected by deep convection and regional differences in
humidity are related to differences in convective activity. The moist regions are regions20

with horizontal moisture flux divergence (i.e. ∇(qv ) > 0 with specific humidity q and
the wind velocity vector v ), while the dry regions are characterised by moisture conver-
gence (which has to balance the moisture sink due to subsidence). As q ≥ 0, moisture
flux divergence and divergence have the same sign. Our results concerning the rela-
tion of ISSRs, convection, and the associated divergence and vertical motion are thus25

consistent with those from MOZAIC. Figure 6 of Luo et al. (2007) can also be used
to look at the flow vorticity. As they explain there are two major wind systems, namely
the subtropical westerly jets (between 20 and 30◦ on both hemispheres) and the trop-
ical easterly jet (within 10◦ around the equator). The transition between these jets is
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anti-cyclonic on both hemispheres because the wind vectors have to turn from east to
west. Cyclonic wind patterns are only found close to 30◦ (N and S) in the dry subtropi-
cal subsidence zones where the westerly wind speed of the jet decreases in poleward
direction, that is, ∂u/∂y < 0 in the NH (∂u/∂y > 0 in the SH) while ∂v/∂x ≈ 0. The
humidity maxima and thus also the regions where ISSRs are most frequent are in the5

anti-cyclonic flow regimes. Special situations occur due to occasional Rossby wave
breaking on the subtropical tropopause when stratospheric air intrudes deeply into the
subtropical upper troposphere (Waugh, 2005). Such intrusions are often accompanied
by a certain pattern in the humidity distribution, namely low values on the western side
and inside the intrusion and high values on their eastern side (perhaps sometimes sur-10

passing ice saturation, see Figs. 1 and 6 of Waugh, 2005). Figures 5 and 7 of Waugh
(2005) show that the flow in the moist areas is anti-cyclonic. The flow behind the intru-
sion is anti-cyclonic as well, and this shows again that this feature alone is not sufficient
to predict high humidity. Likewise, the history of an airmass is important. The additional
moisture ahead of the intrusion is drawn from deep convection areas close to the equa-15

tor, but convective moisture sources are also present in front of the intrusion (which
moves slowly eastward). This situation resembles strongly mid-latitude synoptic situa-
tions with moist air ascending in warm conveyor belts. The dry air behind the intrusion
comes from higher and colder levels and had mainly no contact with lower tropospheric
moisture sources in the last couple of days before the wave breaking event.20

Although mid- and upper-tropospheric moisture has a big influence on tropical tro-
pospheric dynamics (Soden and Fu, 1995; Zelinka and Hartmann, 2009; Sherwood
et al., 2010) it is rather the general humidity distribution than its ice supersaturated
peaks that may affect the jets and their anti-cyclonic and cyclonic patterns. However,
thin and sub-visible cirrus forms in consequence of ice-supersaturation (Gierens et al.,25

2000) and they have a much stronger effect on the radiative divergence profile (i.e.
heating and cooling) then has enhanced humidity (e.g. Fusina et al., 2007). Thus there
might be a causal relation between the frequent occurrence of ice supersaturation and
the anti-cyclonality of the flow, but if at all it is an indirect relation.
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5 Conclusions

We have performed a statistical analysis of the dynamical fields divergence, relative
vorticity, and vertical velocity within ISSRs and outside for two geographical regions,
namely Europe (250 hPa level) and the tropical belt from 30◦ S to 30◦ N on two pres-
sure levels (200 and 150 hPa). The study was based on 24 h forecast data from the5

ECMWF for March 2012 (with 00:00 UTC initialisation for the tropics and 00:00 and
12:00 UTC initialisation for Europe). We find that histograms (frequency distributions)
and low order moments mean, standard deviation, and partly skewness and kurtosis,
of the dynamical fields differ substantially when the data are either unconditioned (i.e.
all data are used) or conditioned on ice supersaturation (i.e. only data within ISSRs are10

used). The results can be summarised as follows:

– Upward wind and divergent airflow are favourable conditions for the formation of
ice supersaturation. But ISSRs are not always present when these conditions are
met. Ice supersaturation is rare in regions with downward or convergent flow.

– ISSRs in Northern mid-latitudes are mainly confined to regions with anti-cyclonic15

flow. This is probably explainable by the organisation of the warm/moist and
cold/dry air streams in mid-latitude synoptic disturbances – a kind of causal rela-
tion. In the tropics anti-cyclonic flow prevails due to the flow situation with mainly
easterly wind at the equator and westerly wind northward and southward. Al-
though the mean vorticity in tropical ISSRs is stronger anti-cyclonic than the cor-20

responding average vorticity of the whole NH or SH part of the tropical belt, the
relation of the appearance of ISSRs and anti-cyclonic flow seems to be coinci-
dental.

As all parameter combinations (δ,ζ ,ω) that occur in ISSRs occur in subsaturated air
as well, it is not possible to forecast ISSRs using dynamical fields alone. The history25

of an air parcel has to be known as well, i.e. whether it was or was not in contact with
moisture sources recently. But there are parameter combinations where the occurrence

19885

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/19871/2012/acpd-12-19871-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/19871/2012/acpd-12-19871-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 19871–19896, 2012

Dynamical
characteristics of

ISSRs

K. Gierens and
S. Brinkop

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of ISSRs is extremely unlikely, such that even weather models without a representation
of ice supersaturation can give good hints of regions where ice supersaturation is not to
be expected. Such forecasts could be valuable for climate optimised, contrail avoiding
planning of flight routes.

This study was based on merely one month of data. Seasonal variations as the an-5

nual shift of the intertropical convergence zone and the summer vs. winter differences
in the mid-latitudes could therefore not be studied. It is justified to extend the study to
at least one month per season once the cycle 37r3 IFS forecast data will be available.
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Table 1. Statistical parameters mean, standard deviation, skewness and kurtosis, of dynamical
fields within ISSRs and generally in three geographic regions on appropriate pressure lev-
els. Mean values and standard deviations of divergence and vorticity (units m2 s−2) have been
scaled by 106, while skewness and kurtosis are dimensionless. For the meaning of the param-
eters and their standard deviations see the text. Values that are at least three times larger than
their standard deviation are printed in boldface.

Europe (250 hPa) Tropics SH (150 hPa) Tropics NH (150 hPa)
all ISSR all ISSR all ISSR

divergence

mean −0.05±0.50 15.3±4.7 0.78±0.38 23±1.8 −0.83±0.37 16±3.0
std. dev. 30±3 29±5 32±1 41±2 26±1 32±4
skewness −0.05±0.27 1.0±0.6 0.7±0.2 1.1±0.3 0.4±0.4 1.9±0.9
kurtosis 7.8±4.7 4.0±3.3 9.0±6.2 5.8±5.2 14±11 14±21

rel. vorticity

mean 2.6±3.9 −58±13 3.8±1.3 13±2.6 −7.5±2.3 −13±3.7
std. dev. 64±5 38±9 38±1 43±3 31±2 33±3
skewness 0.39±0.22 0.81±0.36 −0.33±0.26 −0.25±0.61 0.57±0.32 0.31±0.32
kurtosis 0.12±0.76 1.3±1.2 4.0±2.9 5.6±7.9 3.1±1.2 4.2±1.5

vertical velocity

mean 0.001±0.005 −0.047±0.024 −0.003±0.002 −0.075±0.011 −0.002±0.001 −0.045±0.012
std. dev. 0.12±0.02 0.13±0.04 0.09±0.01 0.13±0.02 0.08±0.01 0.10±0.02
skewness −0.7±0.7 −1.1±0.9 −2.3±1.0 −2.9±1.1 −1.4±1.1 −3.0±1.5
kurtosis 22±14 10±10 33±30 20±22 56±46 30±48
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Table 1. Continued.

Tropics SH (200 hPa) Tropics NH (200 hPa)
all ISSR all ISSR

divergence

mean 0.82±0.32 12±1.7 −0.95±0.30 12±2.5
std. dev. 32±1 49±2 26±1 42±2
skewness 0.9±0.2 0.7±0.3 0.6±0.2 1.1±0.5
kurtosis 10.0±4.3 5.1±3.2 10.6±3.1 7.2±4.0

rel. vorticity

mean 4.7±1.1 15±2.5 −8.4±2.0 −15±4.3
std. dev. 45±2 49±3 40±2 44±4
skewness −0.68±0.35 −0.23±0.72 0.87±0.26 0.24±0.30
kurtosis 5.2±4.4 6.5±11.3 3.2±1.2 2.9±1.1

vertical velocity

mean −0.008±0.003 −0.15±0.01 0.007±0.002 −0.097±0.016
std. dev. 0.13±0.01 0.20±0.02 0.11±0.01 0.16±0.03
skewness −2.9±0.9 −2.8±0.9 −1.9±1.9 −3.4±2.5
kurtosis 38±29 23±21 75±89 45±86
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8 Gierens and Brinkop: Dynamical characteristics of ISSRs

divergence on 250 hPa, March 2012 (0/12 UTC), Europe
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divergence on 150 hPa, March 2012 (0 UTC), Tropics SH

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 3.0
normalised divergence (σall)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.00.10.20.30.40.50.60.70.80.91.0

no
rm

al
is

ed
 fr

eq
ue

nc
y

allISSRs

all
ISSRs

divergence on 150 hPa, March 2012 (0 UTC), Tropics NH
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Fig. 1. Histograms of divergence for various regions: Europe on the 250 hPa level (top row), and the tropics divided in northern (NH, left)
and southern hemisphere (SH, right) on 200 (middle row) and 150 hPa levels (bottom row). The blue bars refer to all grid boxes in the
respective region while the red ones refer to ISSRs only. The data are normalised with the standard deviation of the complete set of all
forecast times and all grid boxes (σall). The relative frequencies of occurrence are normalised such that the maximum value is unity. The bin
width is σall/4 and the bins are marked with the small ticks on the x–axes.

Fig. 1. Histograms of divergence for various regions: Europe on the 250 hPa level (top row), and
the tropics divided in Northern (NH, left) and Southern Hemisphere (SH, right) on 200 (middle
row) and 150 hPa levels (bottom row). The blue bars refer to all grid boxes in the respective
region while the red ones refer to ISSRs only. The data are normalised with the standard devi-
ation of the complete set of all forecast times and all grid boxes (σall). The relative frequencies
of occurrence are normalised such that the maximum value is unity. The bin width is σall/4 and
the bins are marked with the small ticks on the x-axes.
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Gierens and Brinkop: Dynamical characteristics of ISSRs 9

vorticity on 250 hPa, March 2012 (0/12 UTC), Europe
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vorticity on 200 hPa, March 2012 (0 UTC), Tropics NH
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vorticity on 150 hPa, March 2012 (0 UTC), Tropics SH
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Fig. 2. As figure 1, but for relative vorticity.Fig. 2. As Fig. 1, but for relative vorticity.
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10 Gierens and Brinkop: Dynamical characteristics of ISSRs

vert. velocity on 250 hPa, March 2012 (0/12 UTC), Europe
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vert. velocity on 200 hPa, March 2012 (0 UTC), Tropics SH
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vert. velocity on 150 hPa, March 2012 (0 UTC), Tropics SH
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Fig. 3. As figure 1, but for vertical velocity, ω= dp/dt. Negative values mean upward motion.Fig. 3. As Fig. 1, but for vertical velocity, ω = dp/dt. Negative values mean upward motion.
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Fig. 4. Scatter plot of vertical velocity, ω = dp/dt, and divergence (top panel) or vorticity (bottom
panel) for a reduced sample of the Europe data. Red dots refer to all humidity values, green
dots to ice superaturated areas only.
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Fig. 5. Map of the tropical belt at 150 hPa highlighting regions where higher than average
divergence occurs often (brighter colours mean more events, see colourbar) and where ice
supersaturation occurs at least on ten of the 31 March days (white contours). Higher than
average divergence is defined here as δ > 16×10−6 s−1.
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Fig. 6. Map of the tropical belt at 150 hPa highlighting regions where higher than average
vorticity occurs often (brighter colours mean more events, see colourbar) and where ice super-
saturation occurs at least on ten of the 31 March days (white contours). Higher than average
vorticity is defined here as ζ < −13×10−6 s−1 in the NH and ζ > 13×10−6 s−1 in the SH.
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