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Abstract. Meteorological conditions may drive relationships cloud andr data at each location in the storm-centric domain
between aerosol and cloud-related properties. It is imporand within narroww bins, the contribution of storm strength
tant to account for the meteorological contribution to ob- and storm structure to the observed relationships can be in-
served cloud—aerosol relationships in order to improve un-vestigated. It is found that storm strength and storm structure
derstanding of aerosol-cloud—climate interactions. A newcan explain only a small component of the relationships ob-
method of investigating the contribution of meteorological served in the MODIS data. The primary causes for observed
covariation to observed cloud—aerosol relationships is in-cloud—aerosol relationships are likely to be other factors such
troduced. Other studies have investigated the contributioras retrieval errors, local meteorology or aerosol—cloud inter-
of local meteorology to cloud—aerosol relationships. In thisactions.

paper, a complimentary large-scale view is presented. Ex-
tratropical cyclones have been previously shown to affect

satellite-retrieved aerosol optical depth),(due to enhanced

emission of sea salt and sea surface brightness artefacts fh Introduction

regions of higher wind speed. Extratropical cyclones have

also been shown to affect cloud-related properties such a¥luch of the uncertainty in projections of future climate is
cloud fraction (f) and cloud top temperatur&p). There- ~ @ssociated with present-day aerosol radiative forciug-
fore, it seems plausible to hypothesise that extratropical cydreae et al.2005 Kiehl, 2007). Aerosol indirect effects on
clones may drive relationships between cloud-related prop€louds represent an important part of the climate system, but
erties andr. In this paper, this hypothesis is investigated for large uncertainties remain regarding the size of these effects
extratropical cyclones, henceforth referred to as storms, ovef-ohmann and Feichte005 Forster et al.2007).

the Atlantic Ocean. MODerate resolution Imaging Spectrora- Strong relationships between aerosol and cloud-related
diometer (MODIS) retrieved, f; and T data are analysed proper_ues have been observed. Fgr example, positive rela-
using a storm-centric coordinate system centred on extratropionships between total cloud fractiorfcf and aerosol op-
ical cyclones which have been tracked using European Cerfical depth ¢) exist in data retrieved from the MODerate
tre for Medium Range Weather Forecasts (ECMWF) reanalfesolution Imaging Spectroradiometer (MODIS) instrument
ysis 850 hPa relative vorticity data. The tracked relative vor-(Koren et al, 2005 Kaufman et al. 2005 Grandey et aJ.
ticity () is used as a measure of storm strength, while posi2013. Similarly, positive relationships between cloud top
tion in the storm-centric domain is used to account for stormheight andr have also been observetofen et al, 2003.
structure. Relationships between the cloud-related properties Potentially, many causal mechanisms may be able to ex-
andr are measured by calculating regression slopes and coiRlain these observed relationshigStévens and Feingald
relations. Thefe—r relationships are positive, while thg,,— 2009 Grandey et al. 2013. For example, meteorologi-

cloud-related properties. Ten-metre wind speeds can explain
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alarge part of observefi—t correlations Engstrom and EK- mer et al, 20095. These level 2 data have a temporal res-
man 2010. Additionally, covariation with humidity can lead olution of 5min. In addition to the 10km 10km aerosol

to positive fc—t relationships Quaas et al.201Q Chand  optical depth ) data used ifGrandey et al(2011), this pa-

et al, 2012 Grandey et a).2013. Most previous stud- per also uses 5km 5km cloud fraction () and cloud top

ies which consider potential meteorological contributions totemperatureZiop) data. Liquid cloud top properties, such as
observed aerosol—cloud relationships, including those menhquid cloud droplet number concentration, are not investi-
tioned above, have looked at simple local meteorologicalgated here. Strict ocean-retrieval-only masking is applied to
variables such as relative humidity and wind speed. Largethe r data only. Retrievals offc and Tiop are likely to be
scale synoptic conditions are an important factor affectingfar less sensitive to surface albedo changes between land
local meteorology. Therefore, large-scale synoptic systemsnd ocean, although th&q, of thin or broken clouds may
may lead to correlations between aerosols and clouds, pasometimes be contaminated by surface emissivities which
tentially organising spatiotemporal patterns in cloud—aerosoHiffer between land and ocean. As@randey et al(2011),
relationships. 6 hourly 15° x 1.5° ERA-Interim 850 hPa relative vorticity,

It is possible that the causal mechanisms driving cloud—zonal and meridional components of the 10 m wind and mean
aerosol relationships may vary between different regionssea level pressure are also used. All data cover 2003—-2007.
This paper focuses on relationships in the midlatitude storm
tracks. 2.2 Storm-centric and all-conditions gridding

Many studies have shown that extratropical cyclones and
fronts are major drivers of large-scale cloud-related prop-The storm-centric gridding methodology is almost identi-
erties (au and Crane1995 1997 Norris and lacobellis  cal to that explained itsrandey et al(2011). Extratropical
2005 Wang and Roger2001, Chang and Son@008§ Field cyclones are tracked using TRACKI¢dges 1995 1999.
and Wood 2007 Field et al, 2008. The high wind speeds TRACK has been configured to track ERA-Interim 850 hPa
associated with extratropical cyclones can increase sea salklative vorticity features associated with extratropical cy-
emission and introduce surface brightness artefacts to satetiones, henceforth referred to as storms. The tracked storm-
lite retrievals, increasing the aerosol optical defandey  centre 850 hPa relative vorticityn] provides a measure of
et al, 2011). Since extratropical cyclones have been shownthe strength of the storm. Only storms which have-
to affect cloud-related properties andl it seems credible 1x10-°s™1, persist for at least 2 days and move a distance of
to hypothesise that extratropical cyclones may drive rela-more than 1000 km are considered. There is generally good
tionships between cloud-related properties anéiere, the  agreement in tracked cyclone locations between different re-
storm-centric compositing methodology is applied to the in-analysis data sets, with storm centre location disagreements
vestigation of observed relationships betweeand f. and  of typically less than 2(geodesic)lodges et a).2011).
betweenr and cloud top temperaturdigp), a measure of For each storm at each model time step, the ERA-Interim
cloud top height. The relative vorticity of each storm and po- 10 m wind and mean sea level pressure data are regridded
sition relative to the storm centre are considered in order tao a resolution of 200 knx 200 km on a 4000 knx 4000 km
provide a simplified description of the large-scale forcing of storm-centric domain centred on the tracked storm. There is
aerosols and clouds by extratropical cyclones. The storm’gjenerally greater uncertainty in the storm-centric 10 m winds
relative vorticity is used as a measure of storm strength, whileandw than there is in mean sea level pressure, a larger-scale
the position relative to the storm’s centre allows the storm’sfield (Hodges et a).2011). In order to find the storm loca-
spatial structure to be accounted for. The following ques-tions and strengths at each MODIS overpass time, the storm
tion is considered in this paper: can relationships betweenocations andv are interpolated to 5 min temporal resolution,
aerosol and cloud-related properties be explained by considdsing a parametric cubic spline with time as the parameter.
ering simply the relative vorticity of extratropical cyclones If level 2 7, f; or Tiop satellite-retrieved data exist within
and position relative to the storm’s centre? the 4000 kmx 4000 km storm-centric domain, then the data

The data and methodology used are explained in Qect. are regridded to a resolution of 200 ko200 km on the do-
Results are presented and discussed in Se@onclusions  main. 200 kmx 200 km seems to be a reasonable choice of
are summarised in Sedt. co-location scale for much of the aerosol—cloud interaction

analysis. At this scale, the assumption of clear-sKyeing
representative for the grid box should hold, such thatithe

2 Method data generally can be assumed to be co-located witlyghe
andTyp data, although individual pollution plumes may oc-
2.1 Data cur on smaller scalef®\gderson et a).2003 Weigum et al,

20132. Itis worth noting that satellite-retrieveddata are for
This paper uses daytime data from the MODIS Scienceclear-sky conditions, because aerosol retrievals require pix-
Team Collection 5 Atmosphere Level 2 Joint Product for els that have been flagged as cloud-free, although some cloud
the Aqua satellite (MYDATML?2) Platnick et al. 2003 Re- contamination of may remain.
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Fig. 1. Storm-centriqa, d) lower quartile (b, €) median andc, f) upper quartile composites of Aqua-MODIS aerosol optical dep}Htiaf

two 850 hPa relative vorticity«) ranges over the North Atlantic ocean. Median composites of ERA-Interim mean sea level prggsure (
white contours) and wind vectors (black arrows) are over-plotted. The wind vector scale is provided at the bottom left-hand edge of each
composite. Positive meridional displacements are poleward of the storm centre. The data cover 2003—2007.

Alongside the storm-centric regridding, the data are alsostorms to the stronger vorticity range. To provide an indica-
regridded with respect to storm tracks which have have beetion of the data spread within each of these vorticity ranges,
translated temporally by 1yr, creating “all-conditions” data lower and upper quartile composites are produced to com-
(Grandey et a).2011). These all-conditions data should be plement the median composites. For example, Fighows
representative of average conditions. They are blind as tdhet composites for the North Atlantic ocean (NA). Fig@e
whether or not a storm is present in the domain, but they reshows the corresponding composites. The median storm-
tain the same seasonal and locational sampling as the storneentre mean sea level pressures are 1008 hPa for the weaker
centric data. range and 988 hPa for the stronger range.

Most of the results for North Atlantic ocean (NA; 50—
10° W, 30-55 N) storms are shown and discussed in this 2.4 Investigating the contribution of storm strength to
paper. Some of the corresponding results for the South At-  observed cloud—aerosol relationships at each
lantic ocean (SA; 50W-10° E, 55-30 S) are shown in the location in the storm-centric domain
Supplement. The SA results, which are generally similar to

those for the NA, are also discussed briefly in the main body! "€ question mentioned in Sect. 1 is considered from two
of this paper. different perspectives in this paper. First, the contribution of

w to observed cloud—aerosol relationships is investigated at
each individual grid box in the storm-centric domain. Sec-
ond, the combined contribution af and storm spatial struc-

In order to illustrate howr, f; and Typ change between ture to observed cloud—aerosol relationships across the do-
weaker and stronger storms, median composites for a weakenain is investigated. The method used to investigate the for-
relative vorticity range of % w <5x107°s~1 are shown mer is outlined below; the method for the latter is discussed
alongside those for the stronger vorticity range ot in the next section.

7x10%s71 used inGrandey et al(2011). These median Regression slopes and correlations of the cloud-related
composites are constructed by calculating the median of th@roperties versus are calculated at each 200 ko200 km
positive data within each storm-centric grid box. The weakergrid box in the domain for the all-conditions data and for
vorticity range was chosen to sample a similar number ofthe storm-centric data. The full range of vorticities,>

2.3 Composites of aerosol and cloud properties

www.atmos-chem-phys.net/13/10689/2013/ Atmos. Chem. Phys., 13, 1088301 2013
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Fig. 2. Similar to Fig.1, but for Aqua-MODIS cloud fractionfc) over the North Atlantic ocean.

1x10-°s~1, are used for the regression and correlation cal-Table 1. Minimum, mean and maximum number f§—t data pairs
culations. Only positive aerosol and cloud data greater thamper storm-centric 200 km 200 km grid box for different 850 hPa
zero are used. Linear fits are used Tay, versusr and for f¢ relative vorticity ) ranges over the North Atlantic ocean.
versus Irr based on semi-empirical considerations, includ-

ing analysis of the coefficient of determination (Chapter 3 of w range Number offc— data pairs per grid box
Grandey 2011). For example, the regression slopes and cor- (X 10°s71)  Minimum  Mean Maximum
relations of NA f; versus It are shown in the first and third 1-2 59 1323 172
columns in Fig3. 2-3 110 2535 338
In order to investigate the extent to which storm strength 3-4 129  285.2 378
may be able to explain the observed relationshipszthad 4-5 143 243.0 308
cloud property data are shuffled for each grid box within 5-6 132 239.6 303
narrow vorticity ranges of £10-°s~! before recalculat- 67 81 1652 219
ing the regression slopes and correlations. By randomising 7-8 42 1139 151
the pairing of the cloud and data before calculating the 8-9 19 98.7 88
relationships, the contributions due to retrieval errors and fo__llol g ié; 2‘;
aerosol—cloud interactions are largely removed. However, 11-12 5 9_'2 23
they may not be completely removed becaus_e some correctly 12-13 0 0.1 1
matched cloud property andpairs may remain after shuf- 13-14 0 0.0 0
fling, most likely for stronger storms with > 10x10°s1
where there are fewer storms in a giver10°s™1 inter- 3a||5 %9792 12298.22 1223
val (Table 1). The shuffling occurs within narrawranges, ~7 94 2304 311

so the shuffled cloud and data remain functions ab. The
shuffling occurs independently for each grid box, so the shuf-
fled data remain functions of position in the storm-centric
domain. Therefore the calculated relationships between shuf-

fled z and Fhe cloud propertlles represent the SyHOpFIF Com_ships should be found for the shuffled all-conditions data
ponent which can be explained lay for a given position

; ) . . which are also included as a control. For example, the sec-
in the storm-centric domain. Of course, no strong relation- - :
ond and fourth columns in Fi@ show the regression slopes

Atmos. Chem. Phys., 13, 106890701 2013 www.atmos-chem-phys.net/13/10689/2013/
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Fig. 3. (a) All-conditions results of an ordinary least squares regression fit of Aqua-MODIS cloud fragipregrsus In aerosol optical
depth (Inc) over the North Atlantic ocearfb) Similar to(a), but for fc and Inr data which have been shuffled within each narrow relative
vorticity range. Stippled slopes are statistically significant fortest two-tailedp value threshold of 0.05c) Linear Pearson correlation
coefficients £) corresponding to the slopes shown#@). Median composites of ERA-Interim mean sea level pressegpvihite contours)
and wind vectors (black arrows) are over-plottét). Correlation coefficients corresponding to the slopes of the shuffled data shdhn in
(e—g)Similar to(a—d), but for storm-centric data rather than all-conditions data.

and correlations of NAf; versusr, where the data were first 3 Results and discussion
shuffled within each narrow vorticity range.

3.1 Aerosol optical depth )
2.4.1 Investigating the combined contribution of storm

strength and storm spatial structure to cloud— 3.1.1 Composites of
aerosol relationships across the storm-centric
domain Figure 1la—c shows the lower quartile, median and upper

» ) ) quartile storm-centric composites of Aqua-MODIS Collec-
In addition to calculating the regression slopes and correlasion 5 aerosol optical depthe) for North Atlantic ocean
tions at each individual grid box in the domain, the slopes(NA) storms with relative vorticity in the range 3w <
and correlations can also be calculated for the domain as 8,.10-5s-1. The lower quartile composite has lawacross
whole using all the data across the domain. By calculatingy,ost of the domain, with a slight enhancement in the region
the relationships for the shuffled data, the combined contribuz¢ high wind speeds to the south-east of the storm centre.
tion of w and storm spatial structure can be investigated. FOFrpere is also a slight enhancement in the south-east corner of
comparison, the. relationships can also be calculated for theg,o domain, far away from the storm-centre, most likely due
median composites. For example, Table 2 showsfthént (4 hackground conditions in the NA. In the median compos-
results. The number of contributing data points varies slightlyjie 5 slight enhancement is also visible just to the south-east
between the shuffled and non-shuffled data. This is due to thgt the storm centre, but is weak compared to the background.
fact that the data are sometimes equal to zero, while only posa gecrease in the south-western and northern parts of the do-
itive dat_a are used for calculating the regression slopes ang,4in is visible in the median composite, likely due in part to
correlations. the low wind speeds here, although frontal clearance via wet
scavenging, subsidence behind the front and the advection of
polar air may also play a role. This decrease is more striking
in the upper quartile composite, showing that higkalues
are uncommon to the north-west of the storm centre and in
the south-western part of the domain for this vorticity range.
Figure 1d—f shows corresponding composites for
a stronger vorticity range ob > 7x10°°s~1, A strong

www.atmos-chem-phys.net/13/10689/2013/ Atmos. Chem. Phys., 13, 1088301 2013
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Table 2. Number of data points, slopes, standard errors on the slopes and correlations for ordinary least squares regression fits of Aqua-
MODIS cloud fraction f¢) versus In aerosol optical depth ¢nfor different all-conditions and storm-centric data sets and 850 hPa relative
vorticity (w) ranges over the North Atlantic ocean. Slopes shown in italics are statistically significanttEstawo-tailedp value threshold

of 0.05.

Data set o range @<1O‘5 s_l) Number of points Slope Standard error  Correlation
All-conditions all 400 -0.844 0.112 —0.354
median
composite
Storm-centric all 400 -0.173 Q090 —0.096
median 3-5 400 —0.073 Q091 —0.040
composite >7 400 0.156 0.030 Q254
All-conditions all 613913 0.156 0.000 Q377
Storm-centric all 619675 0.154 0.000 0369
3-5 211266  0.153 0.001 0365
>7 92150  0.149 0.001 Q377
All-conditions all 609677 —0.005 0.001 —0.012
shuffled
Storm-centric all 615589 .001 Q001 Q002
shuffled 3-5 209789 —0.001 Qo001 —0.002
>7 91726  0.016 0.001 Q040

enhancement of in the regions of high wind speed to storms with vorticity in the range 8 w < 5x10°s™! are
the south and east of the storm centre is visible in bothshown in Fig2a—c. Blue indicates lovf; while red indicates
the lower quartile and the upper quartile composites inhigh f;. It can be seen there are often very highvalues
addition to the median composite. This enhancement is duén the polewards part and the centre of the storm domain.
to a combination of wind speed dependent surface brightnesEven in the lower quartilef. values larger than.8 are ob-
artefacts and increased emission of sea §alafidey et aJ.  served towards the centre of the storm domain. This feature
2011). The enhancement is much stronger for the strongeicorresponds to the cloud shield with cdld, commented on
vorticity range than it is for the weaker vorticity range. in Sect. 3.3 below. In the upper quartile, the entire domain
For both vorticity ranges, there is an averagécrease contains largef; values, with the upper quartile composite
of approximately @5 between the lower quartile and me- domain mean being.965.
dian composites, and an increase of approximately De- It is worth noting that these large fractional cloud covers
tween the median and the upper quartile composites. This imay affectr data in two ways. First, no aerosol retrievals
quite a large spread compared to the average enhancementwfll occur for grid boxes with complete cloud cover, bias-
less than M1 due to the change in vorticity. However, near ing thet data towards situations with lowgt values. This
the centre of the storm domain, the signal due to the vorticdis because aerosol retrievals require cloud-free pixels. Sec-
ity change is approximately.@5, comparable to the average ond, cloud contamination of may be correlated witye.
differences between the medians and the quartiles. However, ther composites do not show a general meridional
The corresponding South Atlantic ocean composites cargradient int, only an enhancement near the storm centre,
be seen in Fig. S1 of the Supplement. The latitudes have beemwhereas thef; composites show a strong meridional gradi-
inverted, with the poleward (southward) direction pointing to ent. This suggests that potential cloud contamination alone
the top of the page. The results are similar to those obtainedannot explain the observeadcomposites shown in FidL.
for the NA, but with a lower background level (Grandey = However, it is possible that cloud contamination may still

etal, 2011). contribute towards observed relationships between aerosol
and cloud-related properties, as discusseGliandey et al.
3.2 Cloud fraction (fc) (2013.
Figure 2d—f shows the lower quartile, median and upper
3.2.1 Composites off; quartile storm-centri¢. composites for the stronger vorticity

range ofw > 7x10"° s~ It can be seen from the mean sea
level pressure contours, shown in white, that deeper pressure

The lower quartile, median and upper quartile storm-centric™~ = ;
minima occur for these stronger storms. These composites

composites of Aqua-MODIS Collection 5 cloud fraction for

Atmos. Chem. Phys., 13, 106890701 2013 www.atmos-chem-phys.net/13/10689/2013/
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have similar spatial patterns to those for the weaker vortic- Figure 3f shows the regression slopes for the shuffled NA
ity range, but with higher values of;. The domain mean storm-centric data. Many individual slopes just to the south
fc differences between the two vorticity ranges are approxi-and west of the domain centre are positive and significant,
mately Q1, 0.07 and 002 for the lower quartile, median and suggesting that the simplified description of the large-scale
upper quartile composites respectively. This shows that stornsynoptics investigated here may indeed explain a contribu-
strength can have a large effect ¢in However, the domain tion to observed relationships betwegyrandz. This part of
mean differences between the lower quartile and the mediarthe domain, to the south of the storm centre, is also where the
approximately ®—-03, and between the median and upper winds are strongest. The significant EWM 0004, which is
quartile, approximately .Q, show that there is also a large an order of magnitude larger than the shuffled all-conditions
variation within each of these vorticity ranges. The $A  EWM, also supports this suggestion. However, this EWM is
composites (not shown) are very similar to those for the NA.still almost two orders of magnitude smaller than the non-
It has been demonstrated that bethnd f. generally in-  shuffled EWM of 0156.
crease with storm strength, suggesting that the large-scale Similar observations can be made for tfielnt correla-
synoptic conditions of extratropical cyclones may lead to re-tion coefficients. The all-conditions and storm-centric corre-
lationships between these two variables. However, it has alstation coefficients, shown in Figdc and g, are very similar
been demonstrated that the variability of these variables i¢o each other and are consistently positive. The correlations
large, as shown by the differences between the quartile comfor the shuffled NA all-conditionsfc and Inr data, shown
posites. Quantitative relationships betweesnd f; are now  in Fig. 3d, are more than two orders of magnitude smaller.

investigated. The mean of-0.001 has an opposite sign to that for the non-
shuffled all-conditions data and is close to zero, consistent
3.2.2  The contribution of storm strength to fc—Inz with the regression slopes. The correlations for the shuffled
relationships at each location in the storm-centric  storm-centric data, shown in Figh, are mostly positive, par-
domain ticularly near the storm centre. The mean @f1D is stronger

) » ) than that for the shuffled all-conditions data, but it is still
Figure 3a shows the all-conditions regression slopesfof 1 ;ch smaller than the correlations for the non-shuffled data.
versus Irr. Positive slopes, shown in red, are observed ev-  1he «_in¢ regression slope and correlation results for the
erywhere in the all-conditions domain. Every grid box has ga gre shown in Fig. S2 of the Supplement. The latitudes
a statistically significantfc versus Irc regression slope, @ paye peen inverted. One difference compared to the NA is
shown by the ubiquitous stippling. that there is a stronger meridional gradient in the regression

_ The corresponding storm-centric regression slopes, showggnes. Apart from this difference, the results are very similar
in Fig. 3e, are similarly significant. As mentioned in Sezt. to those for the NA.

the full vorticity range of all tracked storms is used. The |, this section. the contribution @f. a measure of storm
storm-centric regression slopes are very similar to those fo%trength, to fe—Inz relationships at each location in the

all-conditions. There is a slight weakening in the centre of 55m_centric domain has been investigated. For the shuf-
the storm domain, possibly due to there being little variationfjey storm-centric data, statistically significant EWM regres-

in the high f values found here. The error-weighted mean gjo sjopes have been found, suggesting that storm strength
(EWM) is only slightly smaller, being 056 compared to may, to some extent, drive relationships betw&gp andr
0.159. The errors on these EWMs are more than two orders;j meteorology. This effect appears to be stronger near the
of magnitude smaller than the EWMs themselves. centre of the storm. However, the relationships for the shuf-
As outlined in Sect. 2, thec andz data are nex5t Squ‘c' fled data are generally much weaker than those for the non-
fled within each grid box and vorticity range 0k10™°s™".  gnffied data, demonstrating that the contribution explained

The regression slopes for each grid box are then recalc:ulategy storm strength is only a small component of the observed
across the full vorticity range. The NA all-conditions results relationships.

are shown in Fig3b. A mixture of positive and negative

slopes are observed. The random shuffling largely removesg 5 3 the combined contribution of storm strength and
correlations betweelf andt induced by indirect effects and storm spatial structure to fe—Inz relationships
correlated retrieval errors. The simplified large-scale synop- across the storm-centric domain

tic contribution described by and position in the storm do-

main is retained. Since and position are meaningless ref- | 5qying at the median composites for the stronger storm
erences for the all-conditions data, it should be expected thagtrength range o > 7x10-5s~2, Figs. 1e and2e, it ap-

the shuffled all-conditions slopes should be approximatelye s that the and f; medians are spatially correlated, with
zero. The magnitude of the EWM is smaller than the one-pigher and . values near the centre of the storm-centric
sigma standard error. Furthermore, it is more than two orderg;jain This is indeed the case. with tie-Int correla-

of magnitude smaller than the all-conditions EWM for the ;ion coefficient being @54 between these median compos-
non-shuffled data. ites (Table 2). The corresponding regression slopelis®
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Fig. 4. Similar to Fig.1, but for Aqua-MODIS cloud top temperaturgdp, K) over the North Atlantic ocean.

However, if the median composites for the weaker vorticity gated. Insignificant regression slopes are found when data

range or for all storms are used, the slopes and correlationfor the weakew range or the fulko range are used. On the

become negative. For the all-conditions median compositepther hand, a significant regression slope is found when the

the slope is also negative, probably due to a spatial gradiengétrongerw range is used. However, as in the previous sec-

effect (Grandey and Stie2010. tion, the f.—Int relationships explained are far smaller than
When all the all-conditions data, rather than just the me-the observed relationships. This demonstrates that the contri-

dians, are used, the regression slope. 166, similar to the  bution explained by» and storm spatial structure represents

EWM of the regression slopes calculated for each grid boxonly a very small component of the observed relationships.

in the previous session. For the storm-centric data, the re-

gression slopes are very similar, varying in the rangg@- 3.3  Cloud top temperature (fop)

0.154 depending on the range used. It is remarkable that )

the regression slope for the storm-centric median composité-3-1  Composites offiop

for the strongew range, 0156, is so similar to these val-

ues. However, it would incorrect to conclude that the storm-

centric spatial correlation is responsible for the obserfed

In T relationships. This is because variability is not taken into

account when the median composites are used, quartile tends towards sampling scenes where cold, high

In order to account for variability, the regression slopes : .
X . clouds dominate, whereas the upper quartile tends towards
and correlations are calculated using all the shuffled data

The slope for the all-conditions shuffled data -©.005, Scenes where warm, low clouds can be seen. A shield of

. - — o colder, higher clouds can be discerned to the east of the
weakly negative and statistically significant. The significance . : .
. . . —..__storm centre in all three of the composites. Relatively cold
may be due to either a spatial gradient effect or a statistical

clouds can also be seen in the advected cold polar air in the
artefact. For the weaker and full ranges, the slopes for the . ) .
north-west of the storm-centric domain. In the lower quatrtile,

storm-centric shuffled data are insignificant. The slope for the
- e a band of warmer clouds can be seen to the west of the storm
stronger vorticity range,.016, is significant and larger than

- Lo centre, indicating a general absence of high clouds here.
the all-conditions slope. However, it is still much smaller A general meridional aradient ifi exists. with warmer
than the slopes for the non-shuffled data. 9 9 top !

In this section, the combined contribution®fand storm CIOL.de generally observed at the equatorward edge of the do-

spatial structure tofe—Int relationships has been investi- main.

Figure 4da—c shows the lower quartile, median and upper
quartile storm-centric composites of Aqua-MODIS Collec-
tion 5 cloud top temperaturdigp) for NA storms with rela-
tive vorticity in the range % w < 5x107°s™1. The lower
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Fig. 5. Similar to Fig.3, but for ordinary least squares regression fits of cloud top temperdtgpe ) versus aerosol optical depth)(over
the North Atlantic ocean.

Table 3. Similar to Table 2, but for but for ordinary least squares regression fits of cloud top tempeffagyrd<} versus aerosol optical
depth ¢) over the North Atlantic ocean.

Data set wrange k107°s~1)  Number of points  Slope (K) Standard error (K)  Correlation
All-conditions all 400 4057 45.2 0.410
median
composite
Storm-centric all 400 —230 353 —0.033
median 3-5 400 —-67.1 343 —0.098
composite >7 400 —792 15.6 —0.246
All-conditions all 612480 —-133 0.1 —-0.172
Storm-centric all 618025 —-14.0 0.1 -0.175
3-5 210697 —15.6 0.2 -0.191
>7 91991 -16.1 0.3 —0.204
All-conditions all 615772 0.7 0.1 0.007
shuffled
Storm-centric all 621833 -0.7 0.1 —0.007
shuffled 3-5 212007 -1.0 0.2 -0.010
>7 92302 -2.3 0.3 —0.022

The composites for the stronger vorticity range @t tratropical cyclones based on surface pressure gradients and
7x10~°s~1 are shown in Figdd—f. These composites have minima. Their mean composite Bop has similar features to
similar general features to those for the weaker vorticity the median composites produced here and shown indFig.
range. The shield of cold, high clouds is larger and colderThe Tiop values of theField and Wood(2007 composite
for the stronger vorticity range than it is for the weaker vor- are somewhere between those for the two vorticity ranges
ticity range. This is to be expected, since this shield of highused here. Similarly, their mean storm-centre mean sea level
clouds is synoptically driven. pressure of approximately 1000 hPa is between the median

Field and Wood(2007) presented a NATiop mean com-  storm-centre values of 1008 hPa and 988 hPa for the NA
posite plot. They used a different storm identification and composites produced here.
compositing methodology to that used here, identifying ex-
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For both vorticity ranges, the domain average increase inmately —0.2 on average. The correlations for the shuffled
Tiop between the lower quartile and the median is approxi-all-conditions and storm-centric data are shown in Big.
mately 17 K. The increase between the median and the uppeand h. They are two orders of magnitude smaller than for the
quartile is approximately 10 K. The domain average decreas@on-shuffled data. These observations for the correlation co-
between the weaker composites and the stronger compositeficients are consistent with those made for the regression
is approximately 5K, considerably smaller than the spreadslopes.
between the quartiles. However, the strengthening of the high Regression slopes and correlations for the SA are shown
cloud shield can result in some grid boxes seeing decreasén Fig. S3 of the Supplement. There is a stronger merid-
of up to 20K. The SATi,p composites (not shown) are very ional gradient in the SA, with the slopes becoming steeper

similar to those for the NA. nearer the Equator. As was the case for the NA results, the
all-conditions and storm-centric EWM regression slopes are
3.3.2 The contribution of storm strength to Tiop—t very similar. The SA shuffled all-conditions regression slope
relationships at each location in the storm-centric ~ EWM of 0.1 K is statistically insignificant in the SA, unlike
domain that for the NA. The SA shuffled storm-centric slope EWM

of —0.5K is larger and significant. However, the EWM is
Figure 5a shows the regression slopesTyfp versust for still much smaller than that of the of the non-shuffled data.
each grid box of the NA all-conditions gridded data. It can The interpretation of these results is similar to the corre-
be seen that negative regression slopes, indicated by blusponding interpretation of thg—Int results in Sect 3.2.2.
are found almost everywhere in the domain. Almost all of A few statistically significant regression slopes have been
these regression slopes are statistically significant, indicatefbund, suggesting that storm strength may, to some extent,
by the stippling. The EWM for the whole domair13.0K, drive relationships betweehop andr via meteorology. This
is two orders of magnitude larger than the associated oneeffect appears to be slightly more robust near the centre of
sigma error. the storm-centric domain. However, the relationships for the

The corresponding storm-centric regression slopes arshuffled data are generally much weaker than those for the
shown in Fig.5e. It can be seen that the storm-centric re- non-shuffled data, demonstrating that the contribution ex-
gression slopes are very similar to those for all-conditions.plained byw is only a very small component of the observed
The storm-centric EWM of-13.0 K is almost identical to the  relationships.
all-conditions EWM. This shows that analysing relationships
between NATop andr in a storm-centric context appears to
make little discernible difference to the results.

As outlined in Sect2, the Tiop andt data are then shuf-
fled for each grid box within narrow vorticity ranges of
1x10-°s~1. The regression slopes are then recalculated. It
would be expected that these regression slopes for the shuffhe combined contribution ab and storm spatial structure
fled all-conditions data should be statistically indistinguish- is now investigated. The analysis method is the same as that
able from zero. This is indeed the case for most grid boxesused to investigatg.—Int relationships in Sect. 3.2.3. The
as indicated by the lack of stippling across most of the do-regression slopes for thBq,—r data sets are shown in Ta-
main in Fig.5b. However, the shuffled all-conditions slope ble 3.

EWM of 0.3 K is larger than the one-sigma standard error of When all data is used, the all-conditions regression slope
0.1K. This is likely to be an artefact. It is worth noting that is —13.3K, similar to the EWMs for the non-shuffled data
the EWM is two orders of magnitude smaller than for the calculated in the previous section. The storm-centric regres-
non-shuffled data, and is positive rather than negative. sion slopes vary in the rangel4.0 to —16.1 K, depending

The slopes for the shuffled storm-centric data, shown inon thew range used.

Fig. 5f, are also very small. A few of the regression slopes are  For the all-conditions median composites, a large positive
significant, particularly near the centre of the storm-centricregression slope of 40BK is found, showing a strong spatial
domain. The EWM of-0.4 K is only slightly larger in mag-  gradient effect. The regression slopes are insignificant for the
nitude than that of the shuffled all-conditions data control. weakerw and allo storm-centric median composites. How-
The similarity in size between these two EWMs means thatever, there is a significant spatial correlation for the stronger
caution should be applied when interpreting the significancew composites, leading to a strongly negative regression slope
of the shuffled storm-centric EWMs. As with thg-Int re- of —79.2K.

sults, the shuffled storm-centric EWM is much smaller than When all the all-conditions shuffled data are used, a sig-
EWM of —13.0K for the non-shuffled data. nificant positive slope of J K is found, likely due to a spa-

The all-conditions and storm-centric correlation coeffi- tial gradient effect or a statistical artefact. The regression
cients, shown in Fighc and g, are also very similar to slopes for the storm-centric shuffled data vary fref.7 K
one another. The observed correlations are negative, approXall w) to —2.3 (strongei, > 7x10-°s1). These slopes are

3.3.3 The combined contribution of storm strength and
storm spatial structure to Tip—t relationships
across the storm-centric domain
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an order of magnitude smaller than those found for the nonthe relative vorticity of extratropical cyclones and position
shuffled data. relative to the storm centre? This question has been consid-
The interpretation is similar to that proposed for the ered from two perspectives. First, the contributionaoto
Int results in Sect 3.2.3. The combined contributiom@nd  observed cloud—aerosol relationships has been investigated
storm spatial structure can explain only a small component ofat each individual grid box in the storm-centric domain. Sec-
observedliop— relationships. ond, the combined contribution af and storm spatial struc-
ture to observed cloud-aerosol relationships across the do-
main has been investigated.
4 Conclusions For both approaches, th& versus Irr regression slopes
for the shuffled data are often found to be significant. This
In Grandey et al(201J), it was shown that extratropical cy- suggests that the storm strength and spatial structure can,
clones affect Aqua-MODIS retrieved aerosol optical depthto some extent, explain relationships betwegnand t.
(r) over ocean. This paper has further demonstrated thatHowever, these relationships are far smaller than observed
on average for a given position in the storm-centric do-relationships betweerf. and r, which may be better ex-
main, stronger storms generally lead to highé¢han weaker  plained by cloud contamination, relative humidit@uaas
storms, particularly near the storm centre. However, this enet al, 2010 Chand et al.2012 Grandey et aJ.2013 and
hancement is generally smaller than the variabilityt ifor descriptions of meteorology based on local field variables
a given storm strength and position in the storm-centric do-such as windsEngstrém and Ekmar2010. Many of the
main, probably due to variations in local wind speeds. significant slopes are found just to the south of the storm
Storm-centric composites of cloud-related properties havecentre, where the winds are generally strongest. This sug-
been investigated in this paper, building on the previous workgests that the synoptically induced winds, which were largely
of Lau and Cran€1995 1997, Norris and lacobelli$2009), found to explain the observed storm-centriccomposites
Wang and Roger001), Chang and Son(R006, Fieldand  (Grandey et a).2011), may be the mechanism by which the
Wood (2007 andField et al.(2008. Median composites of storm-centric large-scale synoptics can explain relationships
cloud fraction (fc) show a general increase fig with storm betweenf; andz.
strength. However, as for thefields, the variability between The Tyop versust regression slopes for the shuffled data
the quartiles for a given storm strength is generally largerare also often found to be significant but much smaller than
than the difference between different storm strengths. the observed relationships for the non-shuffled data. The con-
Cloud top temperatureT{op) composites reveal a cold, clusions are similar to those for thg— relationships. The
high cloud shield to the north and east of the storm centredescription of storm strength and storm spatial structure used
The extent and height of this shield increases with stormin this paper can explain only a small component of observed
strength. The domain averad&p is colder for stronger Tip—t relationships. Further research is needed to identify
storms compared to weaker storms. However, once again thihe contributions of satellite retrieval errors, local meteorol-
variability between the quartiles for a given storm strength isogy and aerosol—cloud interactions to obser¥gg-t rela-
generally larger than the difference due to vorticity changestionships.
except for some grid boxes near the centre of the storm do- As an alternative to using local meteorological field vari-
main. ables to account for relationships between aerosol and cloud-
Because storm strength has been shown to affeffand related properties, this paper has introduced the possibil-
Tiop, it seemed plausible to hypothesise that extratropical cy4ty of considering large-scale synoptic systems instead. The
clones may drive relationships between these three propemlpproach used, whereby data are categorised according to
ties. Storm-centric regression slopes and correlation coeffiposition in the storm-centric domain and storm vorticity,
cients of fc versus It and Typ versust have been calcu- has proved to be partially successful. A combination of the
lated. Positivefc—Int and negativeliop—7 relationships are  storm-centric and local meteorological variable approaches
observed. might be more fruitful than either approach taken in isola-
Ther, fc andTyp data have subsequently been shuffledtion. Cloud and aerosol data could be categorised by both po-
within narrow ranges of storm vorticity, prior to recalculat- sition in the storm-centric domain and a local meteorological
ing the regressions slopes and correlations. This has beevariable, providing a basis for future work. A complementary
done in an attempt to remove correlations due to retrievalapproach may be to consider cloud regimes, as has been done
errors and genuine aerosol—cloud interactions. By choosindpy Gryspeerdt and StigR012 for the investigation of rela-
narrow ranges of storm vorticity and retaining position in the tionships between liquid cloud droplet number concentration
storm domain, a simplified description of the large-scale syn-andr.
optics of extratropical cyclones has been investigated. This
has been done in order to answer the question asked at the be-
ginning of the paper: can relationships between aerosol and
cloud-related properties be explained by considering simply
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