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Abstract. In this paper we use a novel observational ap- When using the variability of 1 km resolutiandata §/;)
proach to investigate MODIS satellite retrieval biaseg of as a heterogeneity parameter we obtained the expected re-
and re (using three different MODIS bands: 1.6, 2.1 and sult of increasing differences in between high and lowy
3.7um, denoted ag16, re21 andrezz, respectively) that as heterogeneity increased, which was not the case when us-
occur at high solar zenith anglegy) and how they affect ing the variability of 5km resolution cloud top temperature
retrievals of cloud droplet concentratioiV{). Utilizing the (ocTT), SUggesting that, is a better predictor of biases at
large number of overpasses for polar regions and the diurnahigh 6 thanoctt. FOr a giverd, large decreases i were
variation offp we estimate biases in the above quantities forobserved as the cloud top heterogeneity changed from low to
an open ocean region that is dominated by low level strati-high values, although it is possible that physical changes to
form clouds. the clouds associated with cloud heterogeneity variation may
We find that the mean is fairly constant betweetiy = account for some of this. However, for a given cloud top het-
50° and~65—70, but then increases rapidly with an increase erogeneity we find that the value 6§ affects the sign and
of over 70 % between the lowest and high#gsiThere21 and magnitude of the relative differences betwegts, re21 and
rez7 decrease withy, with effects also starting at around re37, which has implications for attempts to retrieve vertical
0o =65—70. At low 6p, there values from the three differ- cloud information using the different MODIS bands. The rel-
ent MODIS bands agree to within around 0.2 um, whereas astively larger decrease iR37 and the lack of change of; 6
high 6g the spread is closer to 1 um. The percentage changesith both6y and cloud top heterogeneity suggest that is
of re with 6p are considerably lower than those farbeing ~ more prone to retrieval biases due to higghthan the other
around 5% and 7 % fore21 andre37. Forre1s there was  bands. We discuss some possible reasons for this.
very little change withgy. Evidence is provided that these  Our results have important implications for individual
changes are unlikely to be due to any physical diurnal cycle. MODIS swaths at higldg, which may be used for case stud-
The increase i and decrease irg both contribute to an  ies for exampledg values> 65° can occur at latitudes as low
overall increase vy of 40—70 % between low and higl. as 28 in mid-winter and for higher latitudes the problem will
Whilst the overallre changes are quite small, they are not be more acute. Also, Level-3 daily averaged MODIS cloud
insignificant for the calculation aWVy; we find that the con-  property data consist of the averages of several overpasses for
tributions toNy biases from the andre biases were roughly the high latitudes, which will occur at a range &f values.
comparable forez7, although for the othere bands ther Thus, some biased data are likely to be included. It is also
changes were considerably more important. Also, when conlikely that some of th@g effects described here would apply
sidering only the clouds with the more heterogeneous topsto t andre retrievals from satellite instruments that use visi-
the importance of thee biases was considerably enhanced ble light at similar wavelengths along with forward retrieval
for bothrez1 andres 7. models that assume plane parallel clouds, such as the GOES
imagers, SEVIRI, etc.
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1 Introduction 2009 Quaas et a).2009. This has been shown to affect the
strength of predicted AIEs across GCMs; in one model re-
The MODIS (Moderate Resolution Imaging Spectrora- moving this limit changed the global AIE by 80 %li¢ose
diometer) instruments onboard the Aqua and Terra polar oret al, 2009. Satellite-based measurement\gfmight rep-
biting satellites are capable of retrieving cloud optical depthresent a way to determine this lower limit (if one exists).
() and cloud top effective radiusd) information from lig- However, there are problems with satellite retrievals and
uid clouds based upon the combination of one non-absorbinghey need to be assessed before a robust and relialdata
optical wavelength (0.86 um is used by MODIS for retrievals set can be produced. This paper aims to examine some as-
over the ocean) and one absorbing near-infrared blaoadt(  pects of these problems, in particular issues that occur when
1988 Nakajima and King 1990 King et al, 1997 Plat- retrievals are made at high solar zenith angle (SZA9or
nick et al, 2003; this can be either 1.6, 2.1 or 3.7 um. The There have been a number of studies that have examined op-
re retrieved using these different bands will hereafter be re-tical depth artifacts for non-absorbing wavelength retrievals
ferred to, respectively, ag16, re21 andrez7, With re21 being at high6p, which will be discussed in Se@.1 However, pre-
the value provided as standard from MODIS (e.g. in Level-vious observational studies have generally relied upon sea-
3 products). This information is invaluable for a range of sonal and/or latitudinal variations #ly to assess changes in
cloud microphysical studies, especially given the global cov-retrieved cloud properties and it is not clear whether physi-
erage and the long time period of the data set available frontal cloud properties are invariant seasonally and at different
these instruments (Terra MODIS since mid-2000 and Aqudatitudes. Also, the effect on MODIS retrievals has not been
MODIS since 2002). studied, likely due to the difficulty in obtaining an objective
Additionally, this information can be used to estimate test. Here we attempt such a study and extend the analysis to
cloud droplet number concentration®/g) within liquid examine issues withs and Ny retrievals.
clouds Boers et al. 2006 Bennartz 2007, hereafter BO7). The paper is organized as follows: Settontains a dis-
Ny is a very useful parameter since in non-precipitating cussion on what is known from the previous literature about
clouds it depends mainly upon the concentration of availablehe effects of cloud heterogeneity afiflon cloud retrievals;
cloud condensation nuclei (CCN), although to a lesser extenSect.3 describes the methods, which includes a description
it also depends upon the cloud updraft speed. Thus, for nonef the method used to estimady and a discussion the va-
precipitating clouds with fixed updraft speedg; is a good  lidity of some of the assumptions required (S&Land Ap-
indicator of available CCN concentrations. Parameters likependix A); the method that we use here to estimate the ef-
re alone are not as useful in this regard singes dependent  fects of6g ont, re and Ny retrievals is described in Se&.3;
on both Ny and the local liquid water content of the cloud, Sect.4 describes the main results, including the effecfof
which may both be variable. This makes Mg data set use- and also the effect of cloud top temperature heterogeneity;
ful for estimates of aerosol indirect effects (AIES) — see for Sect5 discusses potential causes of the effects observed; and
exampleNakajima et al(2001) andQuaas et a2008. Pre-  Sect.6 provides a summary and discusses some of the rami-
cipitation can also be an important sink processNgrand,  fications of the results for the MODIS data set.
therefore, insight into such processes can be gained through
knowledge ofNy (e.g.Wood et al, 2012).
A global long-term data set aVy would also allow the 2 Potential optical retrieval artifacts
evaluation of the representation of AIEs in global models,
something that cannot be reliably achieved from ground andrhe Ny retrieval method (see Se@.1 and AppendixA) is
aircraft measurements with their generally poor spatial andbased upon measurementsrofindre. We now discuss po-
temporal sampling. The representation of AIEs in climatetential artifacts forr and re retrievals in some detail since
models is complex and involves interactions between sevihese are important in attempting to understand the &igh
eral processes. Thus, simulating it is a strong test for climatéiases investigated here.
models. However, there are large variations of AIE estimates A large cause of potential artifacts is likely due to the use
between different climate modelQqaas et al 2009 IPCC, of the plane parallel (PP) radiative transfer algorithm that is
2007 demonstrating large uncertainties in the understand-used to build look-up tables (LUTSs) for converting pairs of
ing of these processes and therefore large uncertainties in theon-absorbing wavelength reflectand®4,) and absorbing
predicted climate forcing. wavelength reflectancerfy) into t andre values Nakajima
Marked differences in predictedy also exist between dif- and King 1990. This requires that the clouds are horizon-
ferent GCMs, which is a good indicator that models are nottally homogeneous both within a single 1 ki km MODIS
correctly capturing the key controls @wy. This is likely to pixel and at scales outside of a given pixel. The latter is re-
result in poor prediction of AIEs. Using observationsNf quired because the PP approximation requires that each pixel
to evaluate and constraiNy in models might give insight be unaffected by any other pixel (the independent column
into how to improve this situation. Additionally, many cli- approximation, ICA). Under conditions where 3-D radiative
mate models arbitrarily fix a lower limit faNg (Hoose etal.  transfer of light occurs in a non-homogeneous environment,
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net horizontal photon transport can occur and thus this aslar, since the modelled cloud field is known. Using Monte
sumption breaks down. The assumption of no variability atCarlo 3-D radiative transfer modellingoeb et al.(1997)
scales below that of a MODIS pixel (1kg1l km) has also  showed that 3-D nadir reflectances increase Wgthwhereas
been shown to be untrue for real clouds (&bang et al. reflectances calculated using the PP approximation decrease.
2012 hereafter Z12). In fact, Liquid Water Content (LWC) This was consistent with the above observational studies in-
variability of clouds has been shown to extend down to scaleglicating that 3-D radiative transfer effects within a hetero-
smaller than 4 cmMlarshak et a].1998, although that study geneous cloud environment were the cause. Sensitivity tests
suggested that variability below the scale of the mean freesuggested a roughly equal contribution to the bias from cloud
path of photons in clouds+(10-30 m for stratocumulus) was side illumination effects and cloud top height variability ef-
not important for remote-sensing applications. fects, with the latter effect attributed to changes in the slope
The breakdown of either of these assumptions can leaaf cloud elements at cloud top. Such effects occurred even for
to biases in the retrieved optical properties, although assessompletely overcast scenes. It was also indicated that cloud
ment of the direction and magnitude of these effects is com+op height variability was more important than extinction
plicated. MODIS optical property retrievals are made usingvariability. Similar conclusions were found from the mod-
reflectances and the effect of cloud heterogeneity on theselling results ofVarnai and Davie$1999.
depends on the solar and viewing geometry; i.e. u@gn One limitation of these modelling studies is that only nadir
the viewing zenith angle (VZA) and on the relative azimuth views were tested. By examining differences between nadir
angle ¢). Much more work on the effects onthan onre and off-nadir MISR retrievalsl.iang and Girolamq2013
has been reported. However, any artifacts oftheetrieval ~ found thatr retrievals are likely to be affected by VZA agg
are likely to be important folVg calculations because of the although the effects were observed to be complicated and the
strong sensitivity ofVy to re that is inherent in Eq. Al (see sign and magnitude of the biases was suggested to be depen-

Sect.3.]). dent upon many competing factors. However, significant
biases were generally not seen until very high VZA values
2.1 Optical depth retrieval artifacts of 70.5 were reached; biases within the MODIS VZA range

were much lower. It was also found that cloud heterogeneity
Cahalan et al(1994 showed that the non-linearity of the re- tended to enhance the magnitude of the effects, particularly
lationship betwee®apandr causes a decrease in albedo for for low optical depth clouds and at high.
heterogeneous clouds compared to a PP cloud with the same Finally, Seethala and Horvait2010 found that MODIS-
meant. This is known as the plane parallel (PP) albedo biasderived Liquid Water Path (LWP) measurements increased
and is likely to lead ta underestimates made using the mea- significantly relative to co-located measurements from
sured reflectances and PP LUTSs. Also, at near-nadir viewinlAMSR-E (Advanced Microwave Scanning Radiometer-
angles and for lowdp, cloud variability is known to cause EOS) at highdp. A large part of this was attributed to un-
the mean reflectance of a region to be slightly reduced comphysical increases in with 6p. The increase was greater as
pared to a homogeneous cloud with the same meaa 3-D the inhomogeneity of MODIS over the 025° x 0.25° scenes
effects, due to the leakage of photons horizontally from theincreased, which is consistent with the above results.
sides of the region and due to channelling of photons from
regions of high extinction to regions of low extinction where 2.2 Effective radius retrieval artifacts
they can be lost through downward transpdarb€b et al,
1997 Davies 1978 Kobayashi 1993 Varnai and Davies  Whilst there have been a number of studies examining the
1999. However, these biases are generally small compareeffects of cloud variability and viewing geometry anre-
to those that have been reported at High trievals there have been far fewer studies on theffect.
Studies using data from the ERBEogb and Davies Marshak et al(2006 hereafter M06) was one of the first
1996 1997 and AVHRR (oeb and Coakleyl998 satel- to do so and introduced a theoretical basis to attempt to ex-
lites have demonstrated that at high(6p = 65°) the opti-  plain the effects of 3-D radiative transfer egretrievals that
cal depth inferred from the observations increased #ith  were made using cloud fields from an LES (Large Eddy Sim-
This was attributed to the increasing (positive) difference inulation) model. M06 divided the effects into those due to
reflectances between the real observed clouds and those caksolved variability of reflectances (i.e. variability at scales
culated from the PP model &g increased. The results were larger than the satellite pixel size) and those due to subpixel-
found to be very sensitive to the thickness of the cloud withscale variability.
higher biases reported for the more optically thick clouds; for For resolved scale variability the theory suggested that 3-
7 > 12 and nadir viewing the positive bias was present everD radiative transfer effects were expected to lead to a ten-
at low 9. dency for an overall increase i andt (relative to the true
Modelling studies of)y biases are less prone to the prob- values) due to the non-linearity of the relationship between
lems inherent in satellite studies caused by assumptionthe reflectances ang andr. M06 suggested that subpixel
about the cloud population at low and high being simi-  variability would lead to a low bias of both the and re
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values retrieved for that pixel due to averaging of the re-will clearly impact such attempts. Further discussion on this
flectances prior to the retrieval efandr, (a satellite viewing  is deferred to Sectd.2.2and5.3.

the pixel would report the averaged reflectance). The theory
stipulated a number of assumptions that are unlikely to hold

true in all circumstances. Nevertheless, the results from the

retrievals made from reflectances calculated from the LES3 . .
) : .1 The method used to estimate droplet concentration
cloud model fields corroborated the theoretical arguments,

suggesting that, at least in this case, the assumptions M3he method used for the estimation & from MODIS ¢

have been valid, or irrelevant. andre measurements follows that describedBaers et al.

However, also using retrievals performed on LE_S CIOUdS'(ZOOQ and BO7. Details about this, including necessary
Z12 found the opposite result for the effect of subpixel aver'assumptions and their justification, are discussed in Ap-
aging of reflectances, with the retrieved at 800nx 800 m pendixA.

resolution (close to the size of a 1 kal km MODIS pixel)

being larger than the mean calculated from the 160 m 3.2 Measures of cloud heterogeneity

grid cells of the model. It was found that thg within the

800mx 800m regions was approximately constant, but thatGiven the sensitivity of the cloud optical retrievals to cloud
there was quite a wide spread in This was also demon- inhomogeneity it is desirable to restrict them to regions that
strated for a limited sample of real clouds using MODIS ob- are as homogeneous as possible. It seems that restricting
servations. Z12 showed that for such variability the 2-D na-analysis to regions where the MODIS cloud fraction is high
ture of the dual-band LUT used for MODIS retrievals would is one way to increase the probability of homogeneity, since
lead to increases in (and decreases in) and that the in- it was shown bywWood and Hartmani2006 that, over the
crease would be greater as the subpixel heterogeneRyf scale of~ 200 km, cloud fraction is strongly correlated with
increased. For the cases considered, these results negated theneasure of homogeneity based on the MODIS liquid wa-
assumption of independence of thendre retrievals made ter path (denoteghwp). However, the degree of variability

in MO6 since the subpixet variability meant that the non- at scales smaller than the MODIS 1k km pixel size was
orthogonal regions of the LUT were utilized. Thus it remains not assessed. Additionally, it has been shown that inhomo-
to be explained why the results from the LES model simula-geneities within completely overcast stratocumulus may still
tions in M06 were consistent with that theoretical basis. introduce retrieval artifactd peb et al, 1997).

One major difference between the simulations of MO6 and Painemal and Zuidem@O011, hereafter PZ11) restricted
Z12 that might provide a potential explanation is that the ra-their validation of MODIS microphysical retrievals (see Ap-
diative transfer on the cloud fields from the M06 simulations pendix A for further details on this) to regions that had
were performed at the moderately higgof 60°, whereasin  cloud fractions> 90 % over a 5knx 5km region (note, the
Z12 radiative transfer was performedvgt= 20 and 50 and ~ 5kmx5km cloud mask is a standard MODIS product). Using
on the whole results were reported for the combination of theanother metric, the subpixel heterogeneity index, defined in
two 6 values. It is likely that the result obtained will depend Zhang and Plantnick201]) as the ratio between the spatial
on the degree of subpixel variation of ba®hap and Rgp, the standard deviation and mean of the 0.86 um reflectance over
region of the LUT covered by the reflectance values and thean area of 1knx 1 km, PZ11 found that suck 90 % cloud
influence on the subpixel reflectances of 3-D effects. SucHraction regions were generally very homogeneous by this
factors are likely to be affected by the value @f Other  measure. However, this quantity only measures the subpixel-
factors that alter the orthogonality and non-linearity of the scale variability of the clouds. Variability over larger scales
LUTs are also likely to affect this result, such as the near-was not examined in PZ11 and open questions remain con-
infrared wavelength used, as also demonstrated in Z12. Theicerning the scale over which homogeneity is required in or-
results showed that the increasegtlue to subpixel averag- der to avoid 3-D radiative biases (within acceptable toler-
ing was substantially greater for the 2.1 um band relative toances).
the 3.7 um band, and that this was most likely because the In line with other studies, PZ11 found that, on average,
LUT for the latter is more orthogonal than for the former. ~ MODIS r¢ values were 15—-20 % too large compared to the in

There have been several attempts in the literature to ussitu observations, despite the reported subpixel homogeneity.
the differences between from the different MODIS bands The reason for this discrepancy was not established, although
to infer information about the vertical structure of the cloud. it can be speculated that a combination of the types of effects
This may be theoretically possible since the different wave-discussed above (3-D radiative transfer and subpixel averag-
lengths of light have different penetration depths into theing of reflectances) may be to blame. The results also suggest
cloud and thus produce a weighted mearthat is repre-  that ensuring low subpixetap heterogeneity does not mean
sentative of different vertical regions of the clouRlgtnick thatr, biases will be avoided.

2000. However, the heterogeneity effects just mentioned

Methods
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Following Cahalan et al(1994), Seethala and Horvath 6 never reaches below this value on this austral mid-winter
(2010 assessed cloud homogeneity from MODIS scenedday. The individual swaths, with data gaps in between at low

over larger scales (B5° x 0.25°) using a measure af vari- latitudes, can be discerned from this figure. It also demon-
ability: strates the variety of maximusiy values at a given latitude
. due to the differing number of orbit overlaps that are pos-
_1_ exp(inT) (1) sible. At low latitudes lowe#, values are present towards
‘ T the eastern (western) regions of the swaths for Terra (Aqua)

since these off-nadir regions are sampled at later (earlier) lo-
OQal times, which are closer to noon relative to the western
(eastern) parts of the swaths.

At high northern latitudes the pattern becomes more com-

where y, varies from 0 to 1, with larger values denoting
more heterogeneity. We also use this measure of heter
geneity in the current work, except that we calculate it over
1° x 1° regions. However, a difficulty with the measures of 1 .
cloud heterogeneity mentioned so far is that they depend)hcated due to there being several overpasses per day with

on reflectance variability. Variability in reflectance has been0 < 81.4°. The exact number varies with longitude as well

shown to be caused by viewing geometry variations (partic-2S Iatif[ude, since it depends on how many of the swaths over-
lap. Figurelc and d show the difference between the max-

ularly due to highdp) and so this is not always a measure | < ;
of actual physical cloud variability; it is useful to be able to IMUmM and minimumy for the same day. From this pattern
separate these two effects. the changes in the number of overpasses per day can be dis-

cerned. North of 62N the maximum minus minimury can

In this paper we mainly use the standard deviation of the X
MODIS cloud top temperature (CTT) over a ¢ 1° region, reach between 20-45 showing that even though the max-

ocTT, to characterize heterogeneity. This will not be affected UM o is high there will be some overpasses with a more
by optical artifacts, as would be the case forand yiwp reasonabl@g akin to those sampled at much lower latitudes.
and thus should be more representative of the physical cloud e pattern changes from day to de}y as the centres of the
heterogeneity. This measure also has the advantage that ffVath paths precess to different longitudes over a 16-day pe-
will characterize cloud top heterogeneities, whereas the othef0d- . . . . )

measures could also be affected by e.g. extinction variabil- O high-latitude regions very high retrievals are made.
ity within cloud: the studies mentioned in Se&tl (Loeb Data from all available overpasses are averaged mto_a daily
et al, 1997 Varnai and Davies1999 found that cloud top valqe for Fhe Level-3 _product,. which gives the potent}al for
height variability had a larger effect on cloud reflectance tha the inclusion of very high retrievals and may lead to biases
did extinction variability. Howeverscrr may not represent in the retrieved, re and Ng values, for the reasons discussed
the heterogeneity well if the important scale of variability is

earlier. However, the effect éf on re and Ny retrievals re-
at a scale smaller than that of the MODIS CTT resolution Mains unquantified and a demonstration of the effect of using
(5km) and thus we also examine the effect of usipgand

actual MODIS data is also lacking. Here we make such an
the relationship between andoctT. estimate.

3.3 Method for assessing the effect of solar zenith 3.3.1 MODIS data employed

angle on MODIS cloud retrievals
Determining the effect ofp on MODIS retrievals using the

The operational MODIS Level-3 (hereafter L3) data sets areMODIS data record without also aliasing change in other
produced by averaging individual Level-2 (L2) swaths onto variables is difficult. At latitudes lower than around®@Bere

a I° x 1° grid on a daily basis. MODIS swaths from individ- are a maximum of two overpasses in daylight hours for each
ual satellites (i.e. Terra or Aqua) start to overlap at latitudessatellite and thus relatively littléy range is sampled during
higher than 23, which means that some locations at such lat-one day for a given location. To test a wide rang&@®for
itudes are sampled on more than one consecutive overpas®wer latitudes therefore requires that either a long time pe-
At latitudes higher than 62hree consecutive overpasses areriod is sampled in order to incorporate seasonal changes in
possible and near the poles overpasses occur throughout tl#g, or that a range of latitudes is sampled. Unfortunately both
day. More than one daylight overpass for a given locationof these are likely to also cause systematic (but unquantified)
means that retrievals are made at more than one local timehanges inNy due to real-world (i.e. non-retrieval based)
and therefore with more than one valuedgf changes.

As an example, Figla and b show the maximu#y of Sampling at higher latitudes, however, offers a solution,
all of the available MODIS Terra (equator crossing time although there are limitations there too. Because Aqua and
10:30LT) and Aqua (13:30LT) daytime overpasses for 20 Terra are polar orbiters, at a high enough latitude there will be
June 2007. The results for Terra and Aqua are very simi-overpasses throughout the day, which will encompass a wide
lar. Daytime overpasses are definedgs 81.4°, which is range offp values. Unfortunately, throughout most of the
the g range for which optical retrievals are made £e, Ny, year the Sun is too low in the sky to get a low enough min-
etc.). At high southern latitudes there are no data becausinum 6p to allow a wide range ofpy values to be tested.
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Figure 1. Solar zenith angle (SZA, dip) properties for a single day (20 June 2007; approximately the solstice) of maxémerandb)
and maximum minus minimuriy (c andd) for daytime (SZA< 81.4°) data. & andc) MODIS Aqua, b andd) MODIS Terra.

However, at mid-summer it is possible to achieve minimum When trying to discern the effects 6§ on Ny it is im-
0o values as low as £5at latitudes as high as 7@&nd thus  portant to sample only a small range of latitudes siége
a reasonable range éf can be sampled. is a strong function of latitude ant¥q also may system-

A problem with high latitudes, though, is the presence of atically change with latitude. Therefore this would produce
ice-covered surfaces. Retrievals over ice are generally conspurious results. Thus, the box shown in Rigvas chosen
sidered problematid{ing et al, 2004 and it is possible that to cover a small latitude range of only 72°1%. A fairly
this would introduce its own biases. The Antarctic continentlarge longitude range<3 to 48 E) is chosen to give lower
covers most longitudes at the relevant latitudes in the Southstatistical noisey values for MODIS overpasses do not vary
ern Hemisphere and in regions where that is not the case thegy/stematically with longitude and so regional cloud proper-
is sea ice present in mid-summer. However, in the Northerrties should not introduce any apparégteffects. In order
Hemisphere the Barents and Norwegian seas are relativelio assess potential longitude-dependent or regional effects,
sea-ice-free for most of the year (FR).and itis here (inthe  we have investigated the effect of splitting the domain into
boxed region of the figure) that we focus our efforts. equally sized eastern and western regions and found that the

The period of 13-30 June was chosen for this study in or-results are very similar for both regions. Also, similar results
der to allow for a full cycle of the 16-day orbital path preces- are obtained for both the first half and the second half of the
sion of the Aqua and Terra satellites and to allow a variety oftime period. VZA andp can both co-vary witlg and cer-
solar and viewing zenith angle combinations for a given lo-tain ranges of both are known to introduce biases in MODIS
cation. However, the period is likely short enough that therecloud optical property retrievals as discussed in S2dt.
would be little seasonal variation in the daily megnwhich However, we will show shortly that it is possible to isolate
is also aided by the choice of a mid-summer time period. Seathe effects obg and VZA.
sonal changes are much smaller than the changi<iue to Apart from the effects just mentioned, the only remaining
the diurnal sampling by MODIS. This period is analysed for likely source of systematic variation in cloud properties with
the years 2007-2010 for both the Aqua and Terra satellites. 9y (apart from the unidentified radiative sources that lead to

retrieval errors that we are looking for) is that due to diurnal
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60

80 100

%

Figure 2. The region of interest for this study (white box; 72 to
75° N, —3 to 48 E) plotted onto a map of sea-ice areal coverage
(%) for 13 June 2007, which was the start of the studied period. Sea
ice generally was diminishing with time throughout the period.

variation. Since we are utilizing the diurnal variatiorogwe
cannot remove any potential artifacts due to this. However,
we argue that the effect of the diurnal cycle on our results is
likely to be small. For brevity, a detailed discussion of this
issue is deferred to Appendik

3.3.2 Methodology for the MODIS data processing

In a similar manner to that used to create the MODIS L3
product King et al, 1997 Oreopoulos2005, we processed
MODIS collection 5.1 joint-L2 swaths into°Ix 1° grid
boxes. Joint-L2 data is a subsampled version of the full L2
swaths (sampling every 5th 1km pixel) that also contains
fewer parameters. To confirm that there is no effect from the
subsampling inherent in the joint-L2 product, we also per-
formed the analysis using the standard L2 files for only one
of the years and found little change to the results, consistent
with Oreopoulog2009.

Unless otherwise mentioned, for the MODIS data set re-
ferred to throughout the rest of this paper we have applied
some restrictions to each % 1° grid box in order to attempt
to remove artifacts that may cause biases:
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1. At least 50 joint-L2 1km resolution pixels from the
MODIS swath were required to have been sampled
within each grid box. This represents approximately
a third of the total possible for grid boxes at these lati-
tudes.

2. At least 90 % of the available pixels were successfully

designated as either liquid cloud, ice cloud, undeter-
mined cloud, or as clear by the MODIS operational opti-
cal cloud properties retrieval algorithm (using the “pri-
mary cloud retrieval phase outcome” flag) and did not
suffer from sunglint. For the other 10 % of pixels there
was either sunglint, or the MODIS algorithm could not
set them as clear or cloudy, which could be due to vari-
ous factors. Analysis was not performed on such pixels.

3. All of the pixels remaining after the above restriction

were required to be of liquid phase based upon the “pri-
mary cloud retrieval phase flag”. Thus the liquid cloud
fraction over the grid box (Gk) was at least 90 %.

A high cloud fraction helps to ensure that the clouds
are not broken (except for the possibility of clear re-
gions in the 10 % mentioned above and subpixel clear
regions), since broken clouds are known to cause biases
in retrieved optical properties due to photon scattering
through the sides of clouds. Often retrievals of droplet
concentrations, which rely on optical depth and effec-
tive radius, are restricted to high cloud fraction fields
for this reason (BO7; PZ11) and so we focus on such
data points here. However, an overcast grid box still al-
lows cloud heterogeneities caused by variations in cloud
top height, cloud optical extinction (including subpixel-
scale holes), cloud depth, etc. Thus homogeneity is not
ensured. Such issues are discussed in detail in Sect.

. It was required that for at least 90 % of the pixels re-
maining after the previous restriction the “cloud mask
status” indicated that the cloud mask could be deter-
mined, the “cloud mask cloudiness flag” was set to
“confident cloudy”, successful simultaneous retrievals
of both t and re were performed and the cloud wa-
ter path confidence from the MODIS L2 quality flags
was designated as “very good confidence” (the highest
level possible). This is a little different from the official
MODIS L3 product where a set of cloud products are
provided that are weighted using the Quality Assurance
(QA) flags. Rather than weighting our L3-like product
with the QA flags we have simply restricted our analysis
to pixels with the highest confidence for water path.

5. The mean CTT is restricted to values warmer than

268 K. This is done both to avoid clouds containing ice
and because there appear to be problems in identifying
the phase of clouds at higly for temperatures colder
than this. These points are discussed in what follows.
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Figure 3. (a) CALIPSO cloud fraction vs. height for the month of June for the years 2007-20)LBDFs of mean MODIS grid box cloud
top temperature (CTT) for grid boxes containing liquid clouds only (restrictions 1-4 applied, see text) and farALZA. The difference
between the low and highy PDFs is highly likely to be due to phase determination problems atdydbee text for explanation). When
considering clouds of all phases the PDFs are identical (not sh@@)DFs of the standard deviation of CTT within grid boxes for data
points that have had restrictions 1-5 applied (see text) and for&VZR4°. All plots are for the region highlighted in Fig.

The restriction to high Gf also serves the purpose of at- et al, 2010. Ground measurements show that at tempera-
tempting to ensure that grid boxes with a significant ice cloudtures warmer than around5°C Arctic stratus clouds can,
fraction are not sampled. However, since MODIS is likely to depending on location, be almost completely dominated by
determine the phase of only the upper regions of the cloud itiquid (de Boer et a].2017). Issues regarding the likelihood
is possible that clouds contain ice in their lower regions. In-of the presence of ice are discussed further in Appe@dix
deed, it has been observed from ground-based measurements
that Arctic clouds can be dominated by liquid in their up-
per regions whilst precipitating snowiprrison et al, 2012.
Whether such clouds would be identified by MODIS as be-
ing liquid or ice and whether the presence of ice lower in
the cloud W_OU|d affect MODIS retrievals of Te a_nde are We first examine the distribution of cloud fraction vs. height
open questions. However, the presence of ice is by no meangin the specified region using the CALIPSO GOCCPv2.1
guaranteed, espemal_ly at temperatures closer® Where (Chepfer et al.2010 data set. (Fig3). These data are for
ice nuclei concentrations are likely to be very loeMott the month of June for the period 2007-2010. Here it needs to

4 Results

4.1 Examining the properties of the sampled clouds
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be borne in mind that CALIPSO can observe clouds at mul-
tiple heights within one profile, although thick clouds will
rapidly attenuate the signal. CALIPSO reveals the presence
of a significant number of high-level clouds although the
mode height is 0.48—-0.96 km. Thus there are a lot of clouds
that likely reside within the boundary layer and which would
therefore be well suited to the application of thig estimate
using MODIS, as described in Se8tland AppendiXA.

Figure3b shows Probability Density Function (PDFs) of v
MODIS grid box mean CTT for low and highy cases for
grid boxes with restrictions 1-4 applied. The PDFs reveal
that for both low and higldy almost all of these data points
have CTTs warmer than 260 K with a mode at around 269 K.
Thus, the majority of the clouds have subzero CTTs, which
may allow for some ice formation. However, as discussed
above and in Appendi&, ground-based observations in the
Arctic generally indicate a dominance of liquid or mixed
phase clouds for such cloud top temperatures.

For the lowt data there is an interesting secondary moderigure 4. 2-D histogram of solar zenith angle (SZA) vs. viewing
at around 264 K, which is not present for high Although  zenith angle (VZA) for the 1 x 1° grid boxes used as data points
this could indicate physical differences between the low andn this study. The colours represent the number of such data points
high 6p clouds (e.g. fewer liquid cloud tops at high at at each pairing. Data have been filtered according to the criteria
the colder temperatures, perhaps related to a reduction iautlined in the text.
cloud top SW heating), the difference seems more likely to
be due to retrieval differences, since if restrictions 3 and 4
are lifted the low and highp CTT PDFs are almost identical
(not shown). This indicates a difference between the num
ber of pixels that are determined to be liquid at low and high
0o, despite having the same CTT distribution for the general

1200

ZA

1150

4100

10 20 30 40 50

VZA

Figure4 shows the number of°1x 1° data points for each
‘pairing of viewing (VZA) and solar zenith angles (SZA, or
0p) for the data set following the application of restrictions
1-5. The figure reveals that betweég of ~ 55° and 67

. . ; ) Qhere is a only a narrow range of VZA encompassing only
a feduction in SW heating at higly might be expected to values> 50°. Forfp < 52.5° andfp > 72.5° a spread across

b.e allccolmpqpi%d by“ch;ajnges i_n CdT,,T' rl]:urther,gereha}ri MO imost all possible VZA values is sampled. This will allow
PIXEIS classified as “un etermlng phase at righw ICh " the testing of theyy effect in isolation of potential effects
also points towards problems with the phase determlnatlorhue to a high VZA. It also shows that restricting the maxi-
being the cause. The limiting of CTT to values warmer thanmum VZA of MODIS L3 data points would not be enough
268 K (restriction 5 above) thus circumvents these issues o avoid all highd data being included. The samplgdnot
garding the d|ffer_ences n CTT PDFS at _CETV 268K and shown) all correspond to angles within°36f side scatter-
those due to the increased likelihood of ice at such tempera]rng (= 90°), comprising two narrow ranges: 65—72.&nd

tures. P ; ;
; . 112.5-120. Thus, the variability of is unlikely to greatly
Figure 3c shows PDFs oéc1t for grid boxes that have affect the results.

had restrictions 1-5 applied and for V&M1.4° for both

low and highfy. The distributions at low and highy are

very similar suggesting that the variability of cloud top tem- 4-2 Cloud properties vs.fo

perature is comparable when the Sun is oblique (i.e. near

sunrise/sunset) and when it is higher in the sky (near locaWe now show results of averages over the whole domain and

noon), at least for this restricted subset of clouds and at théime period of various retrieved microphysical cloud proper-

scales probed by the 5km resolution CTT measurementdies in different SZA bins. The results are split into averages

This, along with the similar shapes of the CTT distribution for data in which VZA was< 41.4° and for> 41.4° to iso-

for CTT <~ 268K (Fig. 3b) indicates that the diurnal cy- late the effects oy from those of VZA. The angle 414

cle is having little impact on the physical nature of clouds. is chosen since this represents the halfway point of@os

Therefore we might expect that the subsets of clouds at lowbetween 0 and the maximum MODIS VZA of 60 It has

and high8g are likely to be physically similar, so that any also been shown that a higher VZA results in an increase in

differences in the retrieved andre are primarily due to re-  the reported MODIS cloud fractiorMaddux et al. 2010.

trieval artifacts. This was thought to have been due to lower instrument res-
olution and an increased path length between the scene and
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the satellite with increasing VZA, both of which make cloud 80 1 1
detection more likely. VZA<41.4° !
In subsequent plots, error bars represent the combined (in VZA>41 4°
quadrature) instrument and sampling errors. L2 MODIS un- [l ‘
certainties int andre (as provided with the retrievals) are
averaged (using a simple mean) to produte 1° uncertain-
ties. This therefore assumes that L2 pixel uncertainties are
fully correlated within each L3 box ¢1x 1°), which is also
the case for the operational L3 uncertainty estimate. How-
ever, when calculating the domain and period mean values
from 1° x 1° boxes the instrument uncertainties are combined
in quadrature assuming no correlation in order to assess the |
magnitude of random instrument errors. Departures outside L ‘
of the calculated error range are therefore likely to represent SO ) 1
a systematic bias. Sampling errors are calculated based on the 1 1
standard deviation of the quantity of interest and the number 50 ‘ 2

of samples within each bin. 0 10 20 30 40
Optical Depth

70 e — «

65— T ]

Solar Zenith Angle

R SUNY 6 S —

4.2.1 Optical depth _ _ . .
Figure 5. Mean optical depth vs. solar zenith angle for different

ranges of viewing zenith angle (VZA, see legend). The errors are
discussed in the text and are represented by horizontal error bars. In
most cases they are too small to be visible.

Figure5 shows the mean optical depth in each SZA bin. At
intermediat&y, only VZA> 41.4° data are available and for
thefg bin centred near to 75only data for VZA< 41.4° are
available. This is due to the sampling pattern of MODIS (as

demonstrated in Figt). 1.8
Meant values are very similar for the two VZA ranges at P \ | o
both low68g, and for thedg bin centred around- 71°. For the 1.6/ PoTne g 1| =—50<S7A<55°

79.7 bin thet value for high VZA is 14 % larger than that
for low VZA. Although the error associated with the high
VZA value in thisép bin is fairly large, this might indicate

|| ===57ZA>75°

Laf-i-

a dependence afon VZA at very highfg, although it is also 12 o A ‘ ol

possible that the tendency to observe a higher cloud fractiong 1 p i 0 L Geii

at high VZA could also be having an influence on the identifi- 8

cation of scenes with cloud fraction90 %. Itis conceivable 2 ggl.. .. il fid L iRl

that the misdiagnosis of lower cloud fraction scenes as over-° ‘ ‘ | |

cast might affect highefy retrievals more strongly than low 0.6} SR SR .

6o ones due to a stronger influence of cloud heterogeneity at AR

highfo. Heterogeneity effects are discussed in more detailin ~ 0.4----- RRRRE

Sect.4.4. Lo R ¥ } Lo
The high VZA results show that is fairly constant up to 0.2f— o

afp value of approximately 65—70It is speculated that this Ry P 1 1

would also have been the case for low VZA retrievals if they 0 1 3

10 10
Mean Optical Depth

had been made. For both low and high VZA thealues at 10

the highestly are higher than those at the lowégt The rel-
ative increases in between the lowest and highegtbins  rigyre 6. PDFs of optical depthr( for low viewing zenith angles
were 70 and 92 % for the low and high VZA cases, respec(vza < 41.4) and for different solar zenith angles (SZAdy;, see
tively, representing very large increases idue to increasing  the legend). Other data restrictions are described in the text. Proba-
0o. Tablel lists these percentage increases#pre and Ny bilities are normalized by the bin widths in lggspace.

both for these cases and for some other scenarios that will be

discussed later. Figur@ shows PDFs of at low (50-53)

and high (75-819) 6o ranges for low VZA only. The distri-  4.2.2 Effective radius

bution shapes are approximately lognormal in both cases and

are essentially just shifted towards higher values in the highFor re the results are more complicated (F&). Here re-

0o case; Tabl@ gives the mean values and the normalized sults from the three different MODIS retrieval wavelengths
standard deviations. for re are shownie16, re21 andrez7). The standard MODIS
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Table 1. Changes in various quantities between the lowest and highédsns (high minus low) AN, andANare are the changes iNg
from pairedr andre samples constructed using Latin Hypercube Sampling (see AppBidax, respectively, separate changes iandre
(see text). Four different data subsets are shown for which various restrictions have been applied: Low VZMYZA high VZA: VZA
> 41.4°; low oc1T: ocTT < 0.65K; highocTT: ocTT > 1 K. For “All oc17” there were no restrictions ancTT.

2.1um | 1.6 um | 3.7um
Data subset At ANy Are ANpr  ANare | ANy Are ANpr  ANare | ANy Are ANa;  ANpre
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Al ocTT, 69.8 48.3 -4.8 29.26 14.24 | 39.1 -1.1 29.20 4.99 51.2 -7.4 29.27 20.34
low VZA

All oc1T, 92.4 65.3 -8.0 37.36 23.83 | 46.8 -1.6 37.34 4.67 67.9 -8.7 37.28 30.14
high VZA

Low ocTT, 79.1 55.2 -5.7 32.54 15.86 | 45.8 -2.2 32.58 7.46 | 65.8 -95 32.55 27.21
low VZA

Highoctt, 49.7 56.4 -8.0 22.25 26.10 | 36.9 -2.1 22.28 9.13 | 61.3 -10.7 22.32 34.45
low VZA
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Figure 7. As for Fig. 5 except for the mean effective radi(e& and droplet concentratigib) for the different MODIS bands.

wavelength is 2.1 um andg errors are only available for this results span théy range between 51°5and 71.8 and sug-
band. Therefore, the percentage errors for this wavelengtigest a lack of dependence @nin this range, which is similar
are applied as errors for the other wavelengths to give an ego ther result.
timate of the expected uncertainty. It is also worth mentioning that at both low and high

For the 2.1 and 3.7 um bands there is a decrease in ththe observed, values were higher for the upper range of
meanre between the lowest and highe& bins. This is  VZA than for the lower range. This is interesting because an
also evident in the PDFs in Fi@ (low VZA only), which increase ine with VZA was also observed iMaddux et al.
show a shape close to a normal distribution. The individual(201Q see their Fig. 2).
changes between the two ranges of 50-&%d 75-81.4 are For a given VZA range there is generally very good agree-
listed in Tablel for both low and high VZA; fore21 there is ment betweene1s, re21 andrez7 for the lowerdgy values.
a mean decrease of 5% for low VZA and 8 % for high VZA, At 6g of ~ 71° and above, the spread between the different
whereas forez7 the corresponding decreases are 7.4 % and- values increases with the largest spread being at the high-
8.7 %. The decreases are much smaller in magnitude for thestdg value tested. At thiSg, re37 < re21 < re1e for a given
1.6 um band, being only 1.1 and 1.6 % for the low and highVVZA range. This is the opposite of what would be expected
VZA ranges, respectively. Thus in all cases there is a slightlyfrom a cloud in which the LWC was increasing with height
larger decrease at high VZA than at low VZA. The high VZA adiabatically given the different penetration depths of the
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Figure 8. As for Fig. 6 and forre and that the probabilities are normalized by the bin widths in linear space. Results are shown for the three

different MODIS bands.

different light wavelengthsRlatnick 2000. However, this  dominating theVy increase in that case, although it is possi-
is in concurrence with several other works that have investi-ble that changes in the spread of thsize distribution and/or

gated MODIS retrievals such &ang and Plantnick2011) negative correlation betweeanandre could also be playing
a role. Issues regarding the relative roles of these factors in

andSeethala and Horva{2010. Discussion on the possible
causing the changes iy with 0p are discussed in See.5.

reasons for this is deferred to Sest3.
Figure 9 shows PDFs at low and highy (for low VZA
4.2.3 Droplet concentration only) and reveals approximately lognormal shapes. For low
VZA, the increases inVyg between low and higléy were

Droplet concentrations calculated from thiexd1° meanr 39 %, 48% and 51% for the 1.6, 2.1 and 3.7 um bands; for
and meanr using Eq. (A1) are shown in Figb as a func- high VZA the_ (_:orrespondmg increases were _47 %, 65 % and
tion of . The meanr andr are used rather than the indi- 68 % In addition, the low VZA values are higher than the
vidual 1km values to be consistent with previous estimated!!gh VZA ones for all wavelengths and at &, except for
that use L3 data and to reduce errors that may be caused B{)€ 3:7 km band at highy where there is a very slight in-
high-resolution point estimates. For both the 2.1 and 3.7 unfrease with VZA (see Tabig). For the highesfo this result

bands mean, values were shown to decrease withand IS inconsistent with the result whereby higher values oc-
r was shown to increase. Therefore, it is perhaps not a suf€urred for higher VZA. This suggests that the decrease in
with increasing VZA is dominating th&¥y change with VZA

prise thatNy increases wittfp given Eq. (Al).Ny also in- ' S ! : ' :
creases withf for the 1.6 um band where the decreases at highdp. Again, further discussion of such issues is deferred
were much smaller. This suggests that the increase i@ to Sect4.5. In a similar manner te andre there is a change
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Figure 9. As for Fig. 8 except forNy except that probabilities are normalized by the bin widths in dspace.

in the behaviour ofVg at adp value of around 65—70with effect due tag artifacts rather than a physical diurnal effect

little dependence upafy at lowerdg values than this. since the observed LWP diurnal cycle was show@ibell
et al. (2008 to be asymmetrical with a maximum value at
4.3 The diurnal Cyc'e around 03:00-06:00 LT.

The results for effective radius (not shown) f@p1 and
In Sect.3.3.1and Appendix8 we discussed the potential of ea7 aré very similar to those a¥q. Those forz (not shown)
areal (i.e. physical) diurnal cycle of the stratocumulus cloudsd® Show some asymmetry around local noon that would be
causing apparent effects duedp Plotting Nq against local consistent with a real diurnal cycle. However, the observed
time of day (Fig.10) instead 0¥ indicates that there is very Ncrease inc of 70-90% at higttp relative to at lowo as
little diurnal cycle inNg becauseVq values are almost con- d€scribed in Sec#.2.1is much larger than the expected 8-
stant between the hours o7 and 18:00 LT when using1 17 % increase i due to the LWP diurnal cycle, as calcu-
andrea7. If there was a diurnal cycle iVg then some varia-  12ted from ,the<~ 10-20 % amplitudes of LWP diurnal re-
tion would be expected. These times correspond to those foPOrted inO’Dell et al. (2008 (see AppendiB for the calcu-
whichég is < 63-67, which is consistent with our results in 'ation details). _ _
the previous sections that showggeffects fordy > 65-70. However, it is difficult to estimate the truediurnal cycle
The symmetry of the lines around local noon also suggests affom our results and therefore to fully resolve the effects seen
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Table 3. Summary of possible factors that cause changeg with 6.

www.atmos-chem-phys.net/14/7291/2014/

Effect Sign of Reference Band dependence Comments
effect on
re for high
6o minus low
0o retrievals
(1) The averaging scale effect: Caused by the non-linearity of thigy;—re relationship.
Small averaging scales +ve MO06 Increase greater for Less increase expected for Iégy due to fewer 3-D effects.
3.7umthan 2.1 pm.
Large averaging scales —ve MO06 & 712 Likely that the reduction 3-D effects start to cancel out and the subpixel positive
in re with 6g larger bias of Z12 likely dominates.
for 2.1 um than 3.7 um.
(2) Plane-parallel (PP) re bias —ve See SecR.1 Unknown Caused by 3-D radiative transfer increasing the upwards photon flux of real
clouds relative to PP clouds — photon interception by sides, tilted cloud tops
(increased effective cloud fraction), etc.
(3) Droplet size distribution (DSD) width Unknown Zhang(2013 Reduction at lowg In heterogeneous clouds the DSD is likely to be wider than that assumed by

greater for 3.7 um than
2.1pm.

MODIS, which causes a negative bias at v The highpg effect is unknown.

Table 2. Means and normalized standard deviations of the various parameters, as well as the correlation coefficients bativeéry ;). Values for different subsets of the data set
are shown: the VZA andctt parameter ranges are as for Tabléow g signifies 50< 6 < 55° and highdg signifiesfg > 75°.

<t
—
2.1um 1.6 um 3.7um I
Data T o Te Ore Ny O Ny I't,re Te Ore Ny ONg I'tre Te Ore Ny ONy I'tre m__.
subset @)  @m) (%)  (cm3) (%) m) %) (m3) (%) Mm) (%) (m3) (%) @
Low VZA, low 6g 16.4 47.4 12.1 15.8 104.1 47.2 0.03 12.2 15.7 100.8 43.7 0.13 12.2 17.9 107.1 59.6 0.00 N
Low VZA, high 6g 27.9 53.0 11.5 16.7 154.3 50.8 —-0.01 12.0 17.2 140.2 54.2 -0.18 11.3 16.9 161.9 52.1 0.15
High VZA, low 6g 16.8 47.0 12.7 15.5 92.9 48.5 0.05 12.6 15.9 93.6 47.1 0.11 12.5 16.6 97.5 54.2 0.05
High VZA, high 6g 32.3 55.9 11.7 16.3 153.5 45.8 0.18 12.4 16.5 137.4 57.8-0.15 11.4 18.5 163.8 48.3 0.37
Low ocTT, low g 17.0 44.3 12.6 15.5 94.6 45.2 0.04 12.4 16.1 97.9 43.6 0.15 13.1 16.0 88.5 54.7 0.07
Low ocTT, highfg 30.4 50.7 11.9 15.8 146.9 48.8 —0.10 12.2 17.2 142.7 524 -0.22 11.8 15.3 146.8 47.0 0.09
High oc1T, low 6g 16.5 51.8 11.4 14.3 118.2 45,9 —-0.02 11.8 14.4 107.1 42.5 0.10 11.1 16.3 132.5 55.4-0.12
High oc1T, highfg 24.8 52.8 10.5 16.1 184.8 54.6 —-0.10 11.6 16.5 146.7 59.1 -0.18 9.9 15.9 213.7 52.3 -0.00
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25 : ; ; : : N here into those due téy artifacts and those due to any real
— i imalvza| ‘ -] |l=—n]  diurnal cycle. Therefore, this is left to future work. Another
A==37 um all VZA - S remaining issue is that the diurnal results usiags were

‘ more complicated than those b1 andre3z7 suggesting the
potential for either height (within cloud) dependent effects or
the possibility that retrievals from this band are less reliable.
The work required to solve these issues is also beyond the

scope of this paper.

N
o

Local Time
> o
o

4.4 The effect of cloud heterogeneity

0 50 100 150 200

N, (em™3)

As discussed in Sect. 1, Figure3c shows that the distribu-
tions of ocT at low and highgp are very similar suggest-
Figure 10. Ny (left panel) and)g (right panel) vs. local time of day.  ing that the diurnal cycle is having little physical impact on
For there21 andrez7 basedVy retrievals, the flatness of the curves  thjs aspect of cloud heterogeneity. Therefore we might ex-
for the times corresponding to lowég suggests that there is little pect that for a givewcrr, the subsets of clouds at low and
physical diurnal cycle olNg. This suggests that the changes seen athigh 6o are likely to be physically similar, so that any differ-

high re the result of retrieval artif nd not physical eff . . . . . :
ghfp are the result of retrieval artifacts a d not physica ©CHeCtS. ences in the retrieved andre are primarily due to retrieval
All VZA values are included and/y values are shown for retrievals artifacts

made usinge1 6, re21 andrez 7. For thegg plot, values are shown at i o
the most southern (PN) and northern (75N) edges of the region. VW& now examine the variation af, re and Ng as a func-
Over the period of study, time variation @ from day to day was ~ tion of bothoctt andy;. The restrictions 1-5 described in

very slight for a given local time and grid box. Sect.3.3.2still apply for these results.

Table 4. Results from the example calculations of 3-D radiative ef- 4.4.1 Cloud heterogeneity effects on optical depth
fects at small averaging scales, as demonstrated inlFjgxcept

that results from various other view angles (VZA) and relative az- Figure 11a shows meart as a function ofoctr, at low
imuth angles¢) are also shown. 3-D effects at highare assumed  VZA values of < 41.4° for both low and higlty. Figurelib
to cause an equal increase and decreass) n the reflectances of  shows ther difference between high and lo# vs octT.

ofsmall-scale cloud elements all with= 14 ym andr = 21.4. Re_- is much larger for higtfo (58 % increase betwearsrr =
trievals are then made on the reflectances that have been distort .

by the 3-D effects. The retrievals were made using MODIS lookup -875 andoctT = 0.125K) than for. lowéo (an Increase ,Of
tables (LUTSs) that are used for converting non-absorbing (0.86 um)2/ %0 over the same range). At highegrr,  is approxi-
and absorbing reflectance pairs int@ndre. These are shown for ~mately constant within the error range. It is evident that the
6o = 7% and for the 1.6 um, 2.1 pm and 3.7 pm absorbing bands. Itincrease int between low and highp occurs at all values
can be seen that in all cases the retriemgdiould be greater than  of octT. However, the increase is greatest at low values of

the truere of 14 um. See Seck. 1 for further details. ocTT, I-.e. when the cloud tops are more homogeneous.
These results are surprising as previous wokkep
VZA ¢ Band  Retrievede Difference from truee et al, 1997 Varnai and Davies1999 has suggested that a
0° NA  1.6um 147 0.7 “bumpy” cloud top was the most likely explanation for the
0° N/A  2.1um 15.3 1.3 increase int with increasingd. If that were the case then
0° N/A  3.7um 19.3 5.3 it might be expected that would increase with increasing
ocTT at highdg, that ther increase withog would be greater
50> 30°  1.6pm 14.1 01 at higheroctT, and that at lowscrt there would be little
50° 30° 2.1pm 14.3 0.3

difference int between low and highy cases.

50 30 3.7um 14.4 0.4 One possible explanation is that subpixel variability is

50 150° 1.6um 143 0.3 causingr decreases, as suggested by M06 and Z12, and so
50° 150°  2.1um 14.7 0.7 this may be counteracting the expected increase due to re-
50° 15¢° 3.7um 15.5 15 solved scale heterogeneity. Another possible explanation is

that the actual (i.e. as opposed to the retrieveanf)the clouds
was higher at lowesctT. Physically higher values at low
ocTT Might be expected to lead to a greatebias between
low and highép (Loeb and Davies1996 1997 Loeb and
Coakley 1998, as seen in Figl1l This seems likely to be a
factor given that an increase ofwith decreasingrctt was

www.atmos-chem-phys.net/14/7291/2014/ Atmos. Chem. Phys., 14, 7781, 2014
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Figure 11. (a) Optical depth vsocTT for low VZA (< 41.4) and for different solar zenith angles (SZA&y, see the legend). Other data
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Figure 12. As for Fig. 11 except for optical depth vg., wherey; is a measure of cloud heterogeneity based on the variability of the
retrieved 1 km cloud optical depth. Low valuesygfindicate more homogeneity.

observed at lowy, where our results indicate thég related  ases. However, these are likely to be significantly less than
biases should be small. those forr retrievals.

However, other factors are also likely at play and are now Figurel2shows that at lowg, T varies withy; in a similar
discussed through the examination of the effect of using way to how it varies wittoctt. However, in contrast to when
as a measure of cloud heterogeneity (see Sedt. This pa-  octT was used as a measure of heterogeneity, there is little
rameter has the advantage that it is calculated using 1 km resacrease inc between low and highg for the lowest hetero-
olutionr data and so can capture variability at smaller scaleggeneity values. For highg there is also a fairly monotonic
thanocTT, Which uses 5 km data. The disadvantage is that increase inr with y; over the lower range of the, values
is a retrieved quantity and sg is subject to heterogeneity sampled. This is interesting since fgy, 6o biases therefore
that is introduced through retrieval errors rather than repreincrease with heterogeneity, which would be the expected re-
senting solely physical cloud heterogeneity. CTT values aresult if 3-D radiative effects played a role in causing the
also retrieved and so may also suffer some heterogeneity bbiases.

Atmos. Chem. Phys., 14, 72917321, 2014 www.atmos-chem-phys.net/14/7291/2014/
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4.4.2 Cloud heterogeneity effects on effective radius

Figure 15a and b show for the different wavelengths vs.
ocTT at low and highd, respectively. Note that the results
shown here fore are very similar whethescrr or y; is
used as a measure of heterogeneity. The figure showa-

ues that decrease with increasingrr (i.e. increasing cloud
top heterogeneity) for all wavelengths. Howeveg7 expe-
riences the largest decrease aggs experiences only small
changes. At lowocTT, re37 > re21 > Fels, Which is actu-
Figure 13.2-D histogram ofy; vs. ot for low (a) and high(p) ~ ally what would be expected given the increased penetra-
6o ranges. tion depth of the shorter-wavelength bands relative to the
longer-wavelength ones and an assumed increase of droplet
size with height (e.g. seelatnick 2000. The contrast to the

We now examine the relationship betwegnand octr. usual MODIS observation et37 < re21 < re16 (€.9.Zhang
Fig. 13 shows the 2-D histograms for these two parametersand Plantnick2011) raises the possibility that the latter is
for both low and highp. It shows that at lowdp (Fig. 13a) caused by cloud top heterogeneity and that for homogeneous
there is a lot of scatter with both low and high values  cloud tops (at low)) the re retrievals are more reliable and
occurring for the intermediatectt range. The correlation 1€ss prone to artifacts. Again, though, we have to bear in mind
coefficient in this case is only 0.29. From the figure it ap- the possibility of physical cloud changes witgrr.
pears that there are two branches in the scatter of the data; The hight results follow a similar pattern with a largey
one for whichy; increases rapidly with increasing.tr and ~ decrease with increasirngr for re37 andre21 compared to
one for which there are only small increases/inWe have  reie. In fact, in the lower range afcrr (< 0.6K) re16 ac-
examined this plot for smaller ranges of viewing angles andtually increases slightly withcrr. The convergence et16,
relative azimuth angles and found broadly the same result, inze21 @andrez7 at the lowestcrr value is probably fortuitous
dicating that the scatter is not caused by variation in viewingand likely due to the trends wittcrT of the different wave-
geometry. Thus the results are suggestive that, aégotere  lengthre values. Such convergence also occurs in Efg,
is variability in the 1km resolution radiative field (as cap- although at a highescrr value. The difference can likely
tured byy;) that is not predicted well by the physical cloud be put down to the effect @ since Fig.3c suggests that the
top height variability from 5 km resolution data (as captured low and highg clouds would be physically similar at a given
by octT). ocTT-

Figure13b shows the same result at high This broadly Additionally, there values at higtoo are generally lower
shows only a single relationship betweegrt andy, with  than, or similar to, those at lo# for any givenocrr, with
considerably larger values ¢f for a givenocrr than atlow  the differences being considerably greaterrfayy andre21
6o. Thus there is less scatter and a higher correlation coeffithan forre16. The relative lack of change 16 with 6o and
cient of 0.45. Figurel4 shows the meap, values for each  ocTT again raises the possibility that this wavelength might
bin of octT. The results are binned bycrt since it was be less susceptible tg artifacts caused by cloud top hetero-
shown in Fig3c that this does not change much between lowgdeneity at higitp. It also might be an argument against phys-
and highto. In general there is an increasejnwith increas-  ical droplet size variations witecrr. For the other wave-
ing ocTT at both low and higlég. However, for a givemcrr,  lengths, the decreasesiigbetween low and higlcrr are
v: is larger at high¥y showing that the increase #iy has  large, with the maximum decrease being 4.3 um (35 %) in the
induced an increase in radiative heterogeneity. The greate¢ase ofrez7 at hightl. Given the sensitivity olVy to re this
degree of correlation betweer:tt andy, at high6g indi-  is likely to have a large impact on the retriev¥g.
cates that physical cloud top variability as diagnosed from Earlier it was mentioned that the changesdwith hetero-
5km data is more representative of 1 km resolution radiativedeneity were similar at both low and high whether mea-
variability than at lowdp. sured byocTT Or ;. This is likely to only be possible if the

However, considerable scatter still remains, suggestingWo parameters are correlated anékithanges with one pa-
that other factors, such as physical cloud top variability, atrameter generally act in the same direction as with the other.
smaller scales than those captured using 5 km data are impof-herefore it seems that explains little extra variability in
tant. Extinction variations inside the cloud (without cloud top e compared tactt. This in contrast to the situation with
height variability) could also play a role, although this was for high 6o (but not for lowép).
found to have a small effect inoeb et al.(1997) and Var-
nai and Davieg1999. Further work is needed to elucidate
the relative merits of these explanations, which is beyond the
scope of the observational data set used in this study.

www.atmos-chem-phys.net/14/7291/2014/ Atmos. Chem. Phys., 14, 7781, 2014
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3 ‘ ‘ ‘ ‘ thet andre changes are physical rather than due to retrieval

| ! | | artifacts. Also, it is feasible tha¥y might be the same for
homogeneous and heterogeneous clouds if the aerosol sup-
ply was similar for both cases, which would be consistent
with the above result. However, heterogeneity is also known
to be associated with increased precipitation and thus an in-
creased CCN sink and might also be associated with altered
| | | | updraft speeds, which would altéfy activation. Shedding
S N R— further light on this is difficult, however, without further ob-

1 1 1 1 servations of the clouds in question.
‘ ‘ ‘ ‘ For low 6p, when usingy; as the heterogeneity parameter
o R S G S s B A the results are similar to those usiagrt, as would be ex-
| | | | pected from the similar variation af andre with bothoctr

S

Ocrr ()
T
[$)]

N S VN ] andy;. At high 6o the lowerz values at lowy, (and hight
o | | 50sSZA<55 at highy,) causeNy to increase monotonically with, (not
J |—szA>75" shown).
0 i i i i
0 0.05 01 0.15 0.2 0.25 4.5 Attribution of Ny changes withfg to T and re
% changes

Figure 14.Meany; for eachoct bin from Fig.13 It would be useful to be able to determine whether the

changes inNg that occur with increasingo were mainly
due to changes im or changes ime. As shown already, the
means of both quantities change with increaginon the di-
rection that causes a¥y increase, and so both are likely to
contribute to some degree. Here we estimate the individual
effects using a sensitivity analysis based upon Latin Hyper-
cube Sampling for the changeMy between low and higéy.

4.4.3 Cloud heterogeneity effects on droplet
concentration

Similar plots to Fig.15, but for Ny, are shown in Figl6a
and b. Interestingly, in the lowy case, at lowscTT, Vg Val-
ues for all three wavelengths are very similar and there is lit- ) . : | - :
tle variation withocTT. There is an increase and divergence 1h€ details of this are described in AppenBixHere we just
amongst the wavelengths at highesrr, although the error discuss the main results, which are presented in Thblbde

bars also get larger. The increases from the lowest to highedf'@in foci of the discussion here are theVare and ANa.
ocrr value are 25, 40 and 71 % in they s, reny reas cases, values, which are the relative changeNs between low and

respectively. high 6y due to, respectively, changesrgonly and changes

For the highty case,Ng values are higher than for logg " © Only (see EqD1). .
for any giverscrr value as expected from theandre results When considering the whole cloud population, the results
and from the results of Seat.2.3 As for at lowép, though show that for the 1.6 um band the contribution from changes
Nq is similar for the three wavelengths at lagrt and there  In the z distribution between low and highy have an ef-
is little variation of Ng with octT. However, compared to at [€Ct 0nNg that is roughly 5-6 times larger than that from
low 6o, Ng from the different wavelengths diverge at a lower 7e changes. This is perhaps not a surprise given the relative
octT and at highver they diverge more widely and produce !ack of change ine with 6g for that band. The, sensmw_ty
much higherNg values — although, again, the error bars arelS 9reater for the other bands; for the 2.1 um banda. is

large at highserr due to a lack of samples. The increases in & factor of two larger tham\ Na,., whereas for the 3.7 um
N4 between the lowestcrr value andocrr = 2.6, Where band it is only 40% larger. The greater sensitivity /g§

the maximumNg occurs, are 19, 69, 117 % for theys, tor bias_es between low and high may be _ini_tially_ unex-
re21 rea7 Cases, respectively. Thus at both low and High pected given t.he fgct that the power to whighis raised to
the changes itVg are smaller foreys. in Eq. (A1) is five times grea_lter than that for

It is interesting that at both low and high there is lit- For the highocrt cases (i.e. for the more heterogeneous
tle change inNg with ot for low ocrr, as well as lile  €10uds), however, the balance betwe&Wa. and ANay,

difference betweemVy from the different wavelengths. The Shifts toWardsANa,.. Atlow VZA, Na. is 2.5 times larger
constantVg is due to the cancellation of an increasingnd ~ tNanANay, for the 1.6 um band. However, for the 2.1 and

increasingre asoctT decreases. Since we might expect re- >/ KM bands the sensitivity te is greater than the sensi-
trievals to be less prone to retrieval artifacts at lowrr, VIV ANar is 16 % larger tham\ N, for 2.1 um and 54 %

the increase irr with decreasingrert might suggest that  [arger for 3.7 um.
the more homogeneous clouds are actually physically thicker
with a corresponding higher and higherre, and thus that

Atmos. Chem. Phys., 14, 72917321, 2014 www.atmos-chem-phys.net/14/7291/2014/
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Figure 16.As for Fig. 15 except for droplet number concentration.

Overall, these results suggest that biases andre be- tial effects that could be a cause igfchanges withoy and
tween low and highy can both be important causes of the the direction of their effects on.. These mechanisms are
increase inVy at highfp, depending upon the band and the  discussed in more detail below. It should be noted that there
cloud heterogeneity. may be additional effects in operation that are not listed here.

The three mechanisms are as follows:

5 Discussion 1. The averaging scale: bias. As discussed in Se@.2,
MO06 and Z12 found opposite signs for the effect of sub-
In this section we focus on a discussion of potential explana-  Pixel averaging ome retrievals and it was suggested in

tions of the observed changesrefwith 69 and cloud hetero- Sect.2.2that a potential cause of the disagreement may
geneity. We do not discusseffects because there has been be that the radiative transfer was performed at a higher
much discussion on the causestobiases at higlig in the 6o in MO6 than in Z12. This indicates that varyirig
literature (see Sec®.1), whereas there has been much less ~ may influence the sign ofe changes during subpixel
work focused upone effects. averaging. In order to cause a negatiyebias relative

to the truere it would be required that there was a high
5.1 Potential explanations for there decrease withdg degree ofRap variability within the scale of the pixel.

Z12 showed that clouds physically tend to have more
Here we discuss possible reasons for the decreasstlirat variability thanre variability over the scale of a MODIS
we observe a§, increases. Tabld summarizes three poten- pixel and so an overall negative bias from this effect due

www.atmos-chem-phys.net/14/7291/2014/ Atmos. Chem. Phys., 14, 7781, 2014
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Figure 17. An example of the effect of 3-D effects on MODIS retrievals at small averaging scales. 3-D effects ég highassumed to

cause an equal increase and decread®) (n the reflectances of both the absorbing baRgf and the non-absorbing ban8{3). For this
demonstration it is assumed that there are an equal number of small-scale cloud elements-ai-@ilum andr = 23.6. Retrievals are

then made on the reflectances that have been distorted by the 3-D effects using MODIS lookup tables (LUTs) that are used for converting
non-absorbing (0.86 um) and absorbing reflectance pairgiatmre. These are shown fély = 79° and a nadir viewing angl€a) is for

the 1.6 um absorbing ban(h) for 2.1 um andc) for 3.7 um. It can be seen that in all cases the retrieyadbuld be greater than the trug

of 14um. See Seck. 1 for further details.

to physical heterogeneity seems unlikely. Rather, it is
likely that in MO6 there was a high degree R, vari-
ability caused by 3-D radiative effects at high due

to the increased interception of photons by cloud sides
and extra illumination and shadowing effects when the
Sun is low in the sky (e.g. sdeoeb et al, 1997). As
explained in M06, this would have the effect of caus-
ing an overestimate of at small averaging scales, with
the positive bias reducing towards zero as the averaging
scale is increased.

For the lower6p results of Z12, increased averaging
scales led to an increasingly positisechange. There-
fore at sufficiently large averaging scales itis likely pos-
sible forre values at highog to be lower than those at

Atmos. Chem. Phys., 14, 72917321, 2014

low 6g, as observed in our study. However, the larger re-
duction inre37 relative tore21 as observed in our study
gives some indications that this averaging scale effect
is unlikely to be the dominant cause of thechange
that we observed. This is discussed in the next section
(Sect5.2).

2. The plane parallel (PP)e bias. As described in

Sect. 2.1, modelled non-absorbing reflectanced,{y)
from realistic heterogeneous clouds using 3-D radiative
transfer and those produced from PP clouds (of the same
optical depth) are found to change in the opposite di-
rections ag)p increases. This leads to an increasingly
positive T bias with increasingy when using the PP
model to make retrievals. If differences in absorbing

www.atmos-chem-phys.net/14/7291/2014/
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wavelength reflectanceskf,) between heterogeneous thanrezi (rez1 = 15.3 um,re37 = 19.3 um).re1s = 14.7 um

and PP clouds varied in a similar manner wighthen and so experiences the least bias.

this would lead to a negative bias (because: reduces Table 4 shows the magnitude of this effect at different

with increasingRap) at highfp and might provide an- VZA and ¢ and reveals that the bias from the true values and

other potential explanation for the observed result. In-the difference betweensz7 andre21 is likely to be lower at

deedLoeb and Coakley1998 provide some evidence high VZA (50°) than at nadir. The biases when= 30° are

that Rap may respond to 3-D radiative effects in a simi- especially low, suggesting that 3-D effects are highly sensi-

lar manner taRnap. tive to the viewing geometry. The sign of the relative dif-
ferences between the different bands is maintained at all the

3. The droplet size distribution (DSD) biaghang(2013  Viewing geometries, withez7 > re21 > rets.

found that wider DSDs than those assumed by the Thus for high-resolution retrievals at high, 3-D effects

MODIS retrieval (MODIS assumes a single DSD width) are likely to cause on overestimaterin However, upon av-

would lead to a negative bias in the retrievedWe can  €raging reflectances over ever larger averaging scales the re-

speculate that this effect may be more pronounced atfievedre would be expected to decrease towards the true

higherdo, although further work is needed to investigate value as the positive and negative reflectance changes start to
this. cancel out. The above example suggests that for fgght

any given averaging scale we would expegt; to be larger
In reality it is likely that combinations of all of these ef- thanrez1. However, this is the opposite to what was what
fects will occur to cause increases or decreasesdepend- ~ was found from the results presented earlier in this paper,
ing upon circumstances. Further work is needed to eluci-which would indicate that 3-D effects of this type are not the
date the signs and magnitudes of these effects under differersiole cause of the observed changescias a function ofg

viewing geometries, cloud fields, etc. and heterogeneity (see next section for further discussion on
heterogeneity issues).
5.2 Potential explanations for why there reduction with Some caveats here are that for real-world 3-D effects it
0o varies amongst MODIS bands may not be the case thatR values are the same for all of

the non-absorbing bands and they may also be different for

Another interesting aspect of the current work is the strongeithe absorbing and non-absorbing bangs, values for the
observed decrease af37 with increasingdy compared to  t andre values used for the PP LUTSs tend to span a wider
re21, along with the lack of change at1s. Here we dis-  range of reflectance thaRyy values (e.g. see Fid.7) and
cuss possible reasons for this by considering the likely rela-Rzp spans a wider range for the 2.1 um band compared to the
tive magnitudes of the three effects mentioned in the previous.7 um band. Thus som&R differences may be expected
section for the different MODIS bands (see TaBjeWe at-  from this. However, little has been reported on the relative
tempt to estimate these relative changes for effect 1, althougmagnitudes ofAR as a function of wavelength and so it is
these estimates are fairly uncertain. For effects 2 and 3 therdifficult to assess the likely effects. Another caveat is that it
has been little previous work on this and such work is beyondmay not be the case that positiveR values are the same
the scope of this study and so we leave this as an unknowras negative ones since that would mean that the overall re-
Also, most previous work has only considered differencesflectance change was zero on average, which according to
betweerrez1 andresy. the works cited in SecR.1 (regarding the PPe bias) is not

As mentioned in the previous section, it seems likely thatlikely to be the case. In addition, the other effects mentioned
in the model results of M06, 3-D effects at highcaused a (the PPre bias and the DSD bias) also have the potential to
positive bias ive when the averaging scale was small (ef- interact with these effects to produce the result observed in
fect 1 above and in Tabl8). Interestingly, such an over- this paper. For exampl&hang (2013 showed that the de-
estimate is likely to be larger fafez7 than forre21. Fig- crease ire due to the effects of a wide DSD are likely to be
ure 17 shows an example of why this is so. The assumptiongreater forrez7 than forre21, which is consistent with the
is made that there are a number of small regions of cloudesults presented here for high However, it would be ex-
with the samere (= 14um) andr (= 21.4). These corre- pected that this effect would also occur at léyand so it is
spond toRgp and Rpgp Values that can be determined us- unclear whether this could lead to a change wighFurther
ing PP LUTSs similar to those used operationally for MODIS work is required to investigate these matters, which is beyond
retrievals. It is then assumed that 3-D radiative transfer athe scope of this study.
high 69 causes the absorbing and non-absorbing reflectances
of half of these regions to be decreased and half to be in-
creased by the same amountR = 0.05, from the PP val-
ues. PP retrievals are then performed upon these distorted
reflectances and it is found that the retrievgthcreases rel-
ative to the truee. However, the retrievetks7 is 4 um larger
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5.3 Discussion on the observed changes in the retrieval Despite the uncertainties in determining the relative im-
of re with cloud heterogeneity portance of physical and retrieval artifacts as a function of
heterogeneity in our results, it can be said thaaffects the
relative values ofe16, re21 andrez7 at all values of hetero-
The results described in Sedt4.2and discussed in Seét.2 geneity, and therefore thag effects will need to be consid-
showed that a general decreaseria; and rez7 occurs  ered if attempting to determine vertical variation information
with increasing cloud heterogeneity (whether measured usfrom MODIS observations.
ing ocTT Or ;) for all the g values studied heré{ > 50°),
but that there was little change ia16. re37 Was also found
to decrease at a faster rate thap;. Both g increases and 6 Summary and implications
physical cloud top heterogeneity (as describedd®iyr) were
found to cause increases in reflectance heterogeneity (as i this paper we have examined the effect of solar zenith an-
dicated fromy;). Thus the observed greater decreasein gle (Bo) on MODIS retrievals of, re and Ny, where the latter
compared torep1 as octt increases and the results from is a function of the two former quantities (Eq. Al). To do this
Sect.4.2.2wherebyrez7 Was the wavelength most strongly we examined Arctic stratocumulus clouds in a region of the
affected by¥p changes, may both be related via cloud radia- Norwegian/Barents Sea (72 to°M8, —3 to 48 E). This re-
tive heterogeneity. Also, the results suggest that elicits gion has the advantage of being completely free of sea ice
a stronger response to heterogeneity than the other band#iroughout the year, but yet it is far enough north to experi-
However, a significant caveat is that subpixel heterogeneence several Terra and Aqua overpasses per day. This means
ity is also likely to be important and it is not clear whether that 6y retrieval effects can be examined in actual MODIS
ocTT Of Y, are good indicators of subpixel heterogeneity duedata by utilizing the diurnal cycle. Potential latitudinal and
to them being calculated using 5km and 1 km data, respecseasonal variations of cloud properties can be avoided by
tively. Also, these measures may not be good indicators ofocusing upon a short time period (13—30 June) and upon
Rap variability, which may be more important when consid- a small latitude range. However, there is the possibility that
eringrez7 effects. there are physical changes of the clouds during the diurnal
Another complicating factor here is that there may be cycle. We argue that these changes are likely to be small be-
some physical cloud changes that occur as a function of heteause the diurnal cycle here is one of the weakest on Earth
erogeneity as was also indicated by the variation @fith in terms of LWP variation@’'Dell et al., 2008, probably be-
ocTT andy; at low 6p. This could alter the vertical profile cause the Sun is only below the horizon for a short period in
of droplet radii and thus the relative values from the dif-  this mid-summer period. We have also shown that the varia-
ferent bands. At lowp the clouds with more homogeneous tion within our region of retrieved/y with local time is more
cloud tops hadez7 > re21 > re1s, Which is actually what characteristic of & retrieval artifact than of a diurnal cycle.
might be expected from a cloud in which increased with In addition to this, we have looked for differences between
height due to the increased penetration depth of the smallelow and highfy data points in quantities that give some in-
wavelengths of light (e.g. sd@atnick 2000. Many studies  formation on the physical states of the clouds, but that are
have suggested that the differences between MOIR1G, not affected by the types of optical retrieval bias that we are
re21 andrez7 can impart information on the vertical structure searching for. These include the MODIS cloud top tempera-
of re near cloud topChang and Li2002 2003 Chen et al. ture (CTT) and the variability of MODIS CTToTT). CTT
2007 Seethala and Horvatt201Q Nakajima et al.2010a andoctt PDFs are virtually identical for the low and high
b). It would be expected that, would increase monotoni- 6p ranges, suggesting that there is little physical difference in
cally with height in an idealized cloud with no entrainment the cloud populations at these different times of day in terms
occurring and no drizzle drops present. In reality both mayof cloud thickness and heterogeneity.
occur and so may have the potential to reverse this gradient. The results of thég analysis showed that the meanvas
The observation from Figl5a that there1s, re21 andrezz fairly constant betweefy = 50° and~ 65—70, but then in-
values are consistent with such a gradient reversal betweecreased rapidly with an increase of over 70% between the
low and high cloud heterogeneity values is interesting sincdowest and highestp. In contrast the change between the
more heterogeneous clouds are likely to be associated wittow and high viewing zenith angles (VZA) ranges was small
more prevalent drizzle. at both low and higl#g. The change due téy is consistent
However, the work of Z12 andinner et al.(2010 sug-  with previous studies on the effect 6§ on ¢ (Loeb and
gests that precipitation is unlikely to have a large impact onDavies 1996 1997 Loeb and Coakley1998 Loeb et al,
re retrievals. In addition, theoretical work presenteding 1998 1997 Varnai and Davies1999. From these studies
and Vaughan(2012 indicates that measurement and planeit was ascertained that the bias arose through differences in
parallel modelling uncertainties are likely to be too large to how the reflectance of real (heterogeneous) clouds changed
accurately discern differences in the vertical variationrof  with 6 relative to the plane parallel clouds used to model the
using the MODIS bands available. reflectances relationships used for retrievals. These studies
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suggested that the difference was mainly a result of variabiltwice the contribution fore21 and six times fore16). How-
ity in cloud top height rather than extinction variability. The ever, when considering only the more heterogeneous clouds,
lack of VZA sensitivity is perhaps more surprising, although the importance of thee biases was considerably enhanced
studies have shown that the magnitude and sign of the effedor bothre21 andrez7; T andre bias contributions were com-
of changing VZA is dependent upon whether back or forwardparable fore21 and forrez7 bias contributions frome were
scatter viewing angles are being employed and on the cloud- 50 % greater.
thickness lLoeb and Daviesl 997 Loeb and Coakleyl 998
Loeb et al, 1998 Liang and Girolamp2013. The relative =~ 6.1 Implications for Level-3 retrievals and a new
azimuth anglesg) of the retrievals in this study were all side data set
scatter viewing angles. ) ) )

Larger increases in with 6o were observed at lower cloud 11€ analysis presented in this paper suggests that when
top heterogeneities, as measuredoyT, which was a lit- 1S larger than around 65-70MODIS retrievals ofr, re and

tle puzzling since the work mentioned above suggested thalVa become unreliable due to optical artifacts, which suggests

cloud top heterogeneity played a large role in causinbi- that such retrievals should not be used. This would unfor-

ases. It seems likely that the clouds were physically thickertUnately mean that large regions of the globe at higher lat-
at low o7, which may have had some effect on thebias itudes would nged to _be excluded in thglr winter seasons
results. However, it is also true that this measure of cloud topVNen the Sun is low in the sky, unless it becomes possi-
heterogeneity is only capable of quantifying heterogeneity afle to conflden.tly .t!e biases to _obser_vable cloud properties
scales resolved by the 5 km data resolution, which may not b&€-- cloud variability, etc.), which might then allow some

the relevant scale for the effects in question. When using thd1i9h 6o data to be reliably used. The problem is relevant for
variability of 1km data §) as a heterogeneity parameter the MODIS daily L3 product since this produces averages
we obtained the expected result of increasing differences ifff © @ndre over all overpasses that occur on a given day

t between high and lowo as heterogeneity increased, sug- for which8y < 81.4°. Some Iocatio_ns will e_xperience several
gesting thaty, is a better predictor ofy biases int than overpasses per day and thus retrievals will be made at a range
oCTT- of 6p values. At some locations on a given day some of the
re values retrieved using the 2.1 and 3.7 um bamgs: ( da}ily overpasses will occur ab near 65—70 and therefore
andre37, respectively) were found to decrease wighwith might not be affecte_d by the biases seen here too greatly, but
effects starting at arounéh = 65— 70°, which is consistent ~ Other overpasses will occur at much greakeror these lo-
with thedp at which ther increases occurred. At logg there ~ CaUONS some “good” data are available, but for the L3 prod-
values from the three different MODIS bands agree to withinUct they will be averaged in with *bad” data. Thus, taking
around 0.2 um, whereas at high the spread is closer to the conservative approach it would be prudent to discard the
1um. The percentage changes-efwith gy were consider- daily averaged L3 value. This problem is more likely to occur
ably lower than those for, being around 5% and 7% for &S the number of dgily overpasses incre_ases, which is gen-
re21 andreas, respectively. However, fo1 ¢ there was very erally the case moving pqlewar_d. Analy5|s.suggests that the
little change withdo. Larger decreases i, which depended most strongly affected regions/times for which both good and
upon the MODISre band, were observed as the cloud top bad data will be contained in L3 will be those poleward of

heterogeneity changed from low to high values; decreases of’ +64° for' the spr!ng and summer seasons. At higher lati-
25-30 % forrea7, ~ 20 % forrep1 and 10 % foreys. How- tudes and in the winter season there will still be L3 data for

ever, it is possible that the clouds were changing physically/hichfo > 65—70°, butin those cases there will be no good

with cloud top heterogeneity and that such changes may afdat@ that is also salvageable. Overpasses @ith 65-70

fect the retrievede as well. The use of. as a heterogeneity Can occur at latitudes as low as28° .in mid-winter and thus
parameter did not change the resultsior the 6y bias problem has the potential to affect very large re-

Whilst there changes are quite small they are not insignif- gions of the glo_be. Given this, an_operational so_lution_to the
icant for the calculation ofVg, since the equation relating ProPlem would ideally be sought in order to avoid the inclu-
Ng to  andre implies a sensitivity toe changes that is five  SION Of highé retrievals within daily L3 averages. _
times greater than the sensitivity tochanges. Using Latin V& have compiled our own version of the L3 product using
hypercube sampling (LHS) sensitivity analysis we assessegimilar pro.cedures to those used for the operational product,
the relative contributions of the increase ande decrease Putexcluding data from overpasse$5°. In a follow-on pa-
to the Ng changes between low and high The overallNg per we will examine this data set_m order to |dent|f_y the main
increase between low and high varied between- 40 and problem rt.ag|ons/t|mes.and we will also explore science prob-
70% depending on MODIS band and VZA. When consid- lems relating taVg, but in the light of the&)g biases identified
ering the studied cloud population as a whole, it was foundn€"e:
that theNg contribution from ther biases ande biases were
roughly comparable fate37. However, for the othefe bands
the T changes were considerably more important (roughly
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We note that MODIS Collection 6 data sets are now be- Finally we should mention that whilst the analysis here
ing released (the data used in this study came from Collechas focused upon data from the MODIS instruments it is also
tion 5.1). One significant difference is that quality assurancdikely that some of thé&g effects described here would apply
flags are no longer assigned, but rather new pixel-level uncerto t andre retrievals from satellite instruments that use visi-
tainty calculations are included that are intended to replacéle light at similar wavelengths along with forward retrieval
them. Itis unclear whether this will account fyyeffects, al-  models that assume PP clouds, such as the GOES imagers,
though generally MODIS uncertainty calculations have only SEVIRI, etc. However, the nature of the bias could poten-
accounted for instrumental measurement error rather thatially be altered somewhat by a variety of factors such as
forward modelling error and so this is perhaps unlikely. It the use of different LUTs and the different instrument res-
seems unlikely that the new uncertainty calculations will leadolutions. The latter is likely important since it will alter the
to the results presented here changing significantly since onlgcale over which reflectances are averaged by the instrument.
pixels with the highest confidence quality assurance flags
were used to calculate cloud properties. There will also be
a 1 km resolution physical cloud height product that may be
useful for assessing cloud top height variation at a higher res-
olution than that afforded by the 5 km resolution cloud top
temperature product of Collection 5.1, if the technique used
proves to be sufficiently accurate for low-level stratocumulus
clouds.
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Appendix A: The method used to estimate droplet case for a number of different types of clouds in a variety of

concentration different regions, but in particular for warm stratiform clouds
(PZ11;Miles et al, 2000 Wood 20053.

The formula for the estimation @y from  andre as derived Another assumption is that the clouds are adiabatic, or

in Boers et al(2006 and BO7 is some constant fraction of adiabatic. For all but the deepest
of clouds this equates t@ increasing linearly with height.

Ng= 2v10 (c(T’ P)T)l/z (A1)  There have been in situ and surface remote-sensing observa-

km Q3 owre tional studies that indicate that this assumption is accurate
k= (ry/re), (Albrecht et al, 199Q Zuidema et al.2005. From aircraft

observations made in the SE Pacific region PZ11 found lin-
wherer is the cloud optical thickness; andry are the cloud  earqp profiles within stratocumulus that on average had
top effective and volume mean radius, respectivelig the  values that were 70 % of adiabatic, i.e.
cube of the ratio ofy to re, pw is the density of water and
Q is the scattering efficiencyQ has been shown to have Cobserved= fCadiabatic (A2)
a constant value very close to 2 for droplet radii that are

much larger than the wavelength of light concerned (B07).With f = 0.7 being the subadiabaticity. This is approxi-
¢ is the rate of increase of liquid water contegt X with mately consistent witkiVood (20051, which showsf values

height (dy_/dz, with units kgnm) and is referred to as the of 0.6-0.9 for single-layer stratocumulus. The results there
“condensation rate” in BO7, or the “water content lapse rate"SU99est thay’ = 0.7 is a more appropriate choice than the

in Painemal and Zuidem@011, hereafter PZ11)Albrecht  J = 1.0 value that would apply to a fully adiabatic cloud. It
et al. (1990 and Ahmad et al.(2013 give two alternative IS Possible that this subadiabaticity fraction varies depend-

derivations of this quantity: depends more strongly on the g upon region; cloud type and depth; and upon conditions,
temperature®) than on the pressureP]. For example, the  ©-9- whether the cloud is precipitating, whether ice is present,
percentage change due to a pressure decrease from 850 i degree of entrainment, etc. However, as can be seen from
650hPa are 15.5, 12.0 and 8.1% at temperatures of 280 (AL) the dependence afg on c is fairly weak, being
273 and 263K, respectively. Thus the pressure dependenddOPortional only ta=>. . . _

is greater at warmer temperatures. The change as the temper-~ further assumption for which there is also good evidence
ature decreases from 283 to 263K is 47.8 and 43.2 % at 854 thatk assumes a fairly constant validartin et al.(1994

and 650 hPa, respectively. Sind calculations are gener- found ak range of 0.7-0.8. PZ11 found profile averaged
ally applied to low clouds only, the range of pressure of theValues of around 0.8, but an increase to 0.88 near cloud top.
studied clouds is likely to be smaller than that of tempera-However, here we adopt the valueiok: 0.8, which was used
ture, although pressure dependence may be important for thl8 BO7 and as the "baseline” case in PZ11.

warmest clouds. Hence, we use a consfanélue of 850 hPa

In line with other studies, PZ11 found that, on average,
due to likely inaccuracies when determiniaigrom MODIS.  MODIS re values were 15-20 % too large compared to the in

Although ¢ and T should strictly be taken to vary with situ observations. Potential reasons for this discrepancy are

height, in this paper we use the MODIS CTT to calculate discussed in Sech. However, PZ11 showed that when tfie
1), andk values mentioned above-(0.7 and 0.88, respectively),

a constant value for each data point for use in Eq. (Al) - L AR )

Since for stratocumulus clouds the changeTirthrough- which represent a modification of the more conventional val-

out their depth is fairly small and given the relatively weak U€S (1.0 and 0.8), were applied in Eq. (A1), along with a con-

dependence of on T, this makes a negligible difference. stant correction factor that reducedby 15 %, the resulting
Ny values were only 6 % smaller than those obtained using

For example, using a height dependemumerical calcula- .
tions show that an adiabatic cloud with= 80, re = 21 um, the standard MODI$, and the more conventional values of

a cloud base pressure of 900 hPa and a cloud base tempdf€ / @ndk parameters. This was because fhandk mod-
ature of 283K, would be 976 m thick witNg = 60.2 cr3 ifications mostly cancelled out the modifications. In the

after making the assumption tha is constant with height.  Present study we leave these factors unchanged from the con-
Approximatinge as a constant, calculated from the cloud top Ventional values, but note that thi values will be similar to
temperature and a pressure of 850 hPa (the constant value 4805€ that would be produced if the adjusted parameters that
sumed in the calculations in this paper), results in an underVere suggested in PZ11 were applied. The same would not
prediction of Ng of only 2 %. Since this example represents bg true for other denved_ guantities such as LWP and cloud
a very thick stratocumulus cloud, the error in most circum- thickness (see formulae in BO7).
stances is likely to be smaller than this.

This derivation ofNg requires a number of assumptions to
be made about the sampled clouds. The first assumption is
that Ng is constant with height throughout the cloud depth.
However, there is good observational evidence that this is the
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Appendix B: Discussion on the effect of the diurnal cycle However, the clouds in our study region may behave dif-
on our results ferently than those in other stratocumulus regions. In sum-
mer, at the high latitudes of our study area, the difference
Observations show that subtropical stratocumulus cloudsn g, between midday and 12h later is much less than at
tend to thicken at night-time due to the absence of short-waveower latitudes and this is likely to reduce the amplitude of
heating at cloud topWood, 2012 and that this is accompa- the diurnal cycles of cloud properties such as LWR and
nied by increased drizzle rates. Such clouds generally reacly,. Measurements of the diurnal cycleswfre and Ng are
their thickest in the early morning, just before the sun comeSacking for the clouds in the region of our study. However,
up. Thus, for those clouds we might expecto be highest  O’Dell et al. (2009 reported that LWP diurnal amplitudes
at this time due to enhanced LWRq effects might also in-  in the area were=~ 10-20 % in July (June results were not

fluencer, although for adiabatic clouds (see AppenéiX  shown), which is amongst the lowest value found globally.
T X N(}/?’LWPE’/6 and thus more sensitivity to LWP might Other stratocumulus regions show amplitudes of 30-50 %
be expected. Howevere is more sensitive taVy changes  (see alsdwood et al, 2002. The local time of maximum
than LWP changes sinog o Ny /*LWPY/6. There are no LWP was around 03:00-06:00LT, which is a little earlier
measurements of the diurnal cycle &f in stratocumulus  than for other stratocumulus regions where 06:00-09:00 LT
known to the authors. Th&/y diurnal cycle is likely to be ~ was more typical. These times are consistent with the time at
complicated due to competing (but relatively weak) sourceswhich the localdp decreases to below around 70=88ug-

and sinks ofNg at night-time; enhanced updrafts and sur- gesting that at thigo short-wave heating effects start to re-
face fluxes may lead to an additiong} source, whereas en- duce LWP due to solar heating as the Sun rises. A 10-20%
hanced precipitation is likely to caugé; depletion. How-  increase in LWP corresponds to an approximate increase in
ever, we note that the timescales that govern boundary layer of 8-17 % and ane increase of- 1.5-3 %, if it is assumed
sources and sinks of CCN are of the order of a few daydhat Ny stays constant. This issue, with reference to our re-
(Wood, 2006 Wood et al, 2012 such that any change in sults, is discussed in Sedt3

these processes duetgvariation is likely to have a damped

effect upon CCN concentrations and thus likely upgn

The additional LWP at night-time in stratocumulus would

likely lead to an increase ity in the absence a¥y changes.

Atmos. Chem. Phys., 14, 72917321, 2014 www.atmos-chem-phys.net/14/7291/2014/



D. P. Grosvenor and R. Wood: MODIS cloud optical and microphysical retrievals 7317

Appendix C: Discussion on the likelihood of ice However, the Hallett—-Mossop secondary ice multiplica-
formation in the sampled cloud population tion mechanism is known to operate between the temper-
atures of—3 and—8°C (Hallett and Mossop1974, with
For clouds with temperatures throughout that are warmelmaximum multiplication occurring in the middle of this tem-
than —5°C, de Boer et al(2011) showed that liquid-only  perature range. Seeding of such relatively warm clouds by
clouds accounted for approximately 22, 65 and 90% offalling ice from clouds above, followed by Hallett—Mossop
clouds observed at three Arctic locations and very little ice-ice production is thought to be a cause of significant ice pro-
only cloud was observed. Whilst those locations were notduction even in Antarctic stratus cloud&rpsvenor et aJ.
near those of our study, and were not open ocean regiongo12 where aerosol concentrations are very low. Neverthe-
they likely provide some insight into the issue. As the tem- |ess, Grosvenor et al(2012 also showed that the Hallett—
perature increased, the dominance of liquid-only cloud beqvossop process does not always operate in all supercooled
came more complete. The preponderance of mixed phase angoud, even if it is within the right temperature range. A fur-
liquid-only cloud at temperatures —5°C is also supported  ther complication is that some evidence suggests that it is
by the observed (at various locations worldwide) very low the temperature at the surface of the riming ice particle that
concentrations of ice nuclei (IN) with which to initiate pri- governs the process rather than the ambient air temperature
mary ice formation PeMott et al, 2010 at such relatively  (Heymsfield and Mossg[i984. The ice surface temperature
warm temperatures. can be warmer than the air temperature due to latent heat re-
lease from the freezing liquid. This would reduce the likeli-
hood of the Hallett—Mossop process occurring at the temper-
atures considered here.
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Appendix D: Sensitivity analysis of Ng changes withég As an aside, it is interesting to note th&y values cal-
using Latin hypercube sampling culated using the mean andre values of the distributions
(using Eq. A1) produce lower values than the actvghal-
Here we describe in detail the method used to explore the re|ues (using the individuat andre values from the Samp|e
ative importance ot andre changes in causing the increase djstributions) by between 7 and 15 %. This is probably due
in Ng between low and higHo. Latin hypercube sampling to the high degree of non-linearity in thé; equation so that
(LHS) sampling was used, which allows us to include the combinations of low-e and hight from values in the tails
effects of the data spread and distribution shapes on the sef the distributions lead to very largéy values. The highest
sitivity analysis. Using LHS we constructed pairscodndre  values occur for the 3.7 um band. Thus, care must be taken
values, each Containing 100000 data points, which retained\,hen using the mean andre of a set of values to calcu-
the same distribution shapes as thandre PDFs shown in  |ate the meanVy of that set. This could also have implica-
Figs.6 and8. This is done for both the low and higbranges  tjons for the method used here whereby we use the mean
and for combinations of the two. It is also possible to intro- andr, values over a 1x 1° area. However, it seems likely
duce correlation betweenandre using the method diman  that if r andre values from very small regions (e.g. single

and Conove(1982. MODIS pixels) are used then the calculat¥d might also
Using the constructed sample sets we calculalgd/al-  become prone to biases due to uncertainties, heterogeneities,

ues using Eq. (A1). The accuracy of the constructed samplegtc, which may become “smoothed out” by averaging over

was likely to have been good because the m¥arcalcu-  |arger regions. Thus, it seems likely that there is an optimal

lated from the LHS sets was close to that calculated usintaveraging scale for andre for the calculation ofvg.

the actualVy value from the real data, although with a slight Whilst using mean values may not give the correct ab-
tendency to overestimate. This gives confidence in the use odplute values ofVy, our analysis indicates that using them
these samples in the sensitivity analysis. This overestimat@or the sensitivity analysis in order to calculateV,, and
was reduced when the observed correlations (see Tble AN, gives similar results to those made using the LHS

were included in the LHS sampling. distributions. This is likely becaus®y calculated using the
The |0W9() LHS set forr was then combined with the hlgh mean was wrong by the same factor at low and [Q'tgmak-
to set forre in order to calculate a meavy, denoted ad/are.  ing it likely that the sensitivity test valueNa, and Nare
ANare, Which is listed in Tablel is thus the relative change would also be wrong by the same factor. In that case the as-
in Ny between low and highp due to changes irs only: sociated relative increases ¥y from low 6 values (as in
Eq. D1) will be the same as for the LHS sensitivity analy-
ANare = 100Nare = Niow)/Niow, (D1) sis (with the assumption that the LHS method is completely
accurate).

where Njoy IS the Ny value at low8p. In a similar way we
calculatedA N using there set for low6y and ther set for
high8g. These values are discussed in Séd.

As mentioned above, incorporating the correlation be-
tweenr andre brought the LHSVy values closer to the actual
values for the low and higby sets. However, it is difficult to
choose values for the correlation between thieHS set at
low 6y and there set at highdp (and vice versa) since the
correlations between andre were seen to vary withy (Ta-
ble 2). Thus, we use zero correlation here, but note that th
error introduced is likely to be less than 10 %.

This result suggests that LHS analysis is perhaps not re-
quired for Ny sensitivity calculations since using mean val-
ues produces generally similar results. However, if the spread
or shapes of the andre distributions between low and high
6o were very different then this may not be the case. Ad-
ditionally, significant variations in the correlation between
T andre distributions at low and highg would likely lead
to decreased accuracy in the sensitivity analysis for both the
eLHS method and that using the mean values.
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