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Abstract. Many theories have been proposed detailing howl Introduction
aerosols might impact precipitation, predicting both in-

creases and decreases depending on the prevailing mete_IQF] lationship bet initati d at heri
rological conditions and aerosol type. In convective clouds, € relationship between precipitation and atmospheric

increased aerosol concentrations have been speculated to fierosols is complicated, with many competing effects hy-

vigorate convective activity. Previous studies have shownPothesised depending on the prevailing meteorological con-

large increases in precipitation with increasing aerosol opti-dltlons ar_1d cloud regimes.¢vin and Cotton2009.
In marine stratocumulus clouds, both theory and observa-

cal depth, concluding an aerosol effect on precipitation. Our

analysis reveals that these studies may have been influencé'((j’r.'S have sqggested that an increased I?VGI.Of cloud conden-
by cloud effects on the retrieved aerosol, as well as by meteSation nuclei (CCN) can cause a reduction in cloud droplet
orological covariations size and increase the albedo of the cloud (for a fixed liquid

We use a regime-based approach to separate out differe ater content). Thi_s s known as the “CIOUd. albt_ado_ effgct”
cloud regimes, allowing for the study of aerosol—cloud inter- Twomey, 1977. This change in the droplet size distribution

actions in individual cloud regimes. We account for the in- has been hypothesised to result in the suppression of pre-

; : ipitation, which may lead to an increase in the liquid water
fluence of cloud properties on the aerosol retrieval and maké&'P! '
use of the diurnal sampling of the TRMM satellite and the path of these cloudsh{brechi 1989. Both of these effects

TRMM merged precipitation product to investigate the pre- are_genergte_d by e:jcﬂange n CIObUd drop_ljet nLcjjmber conlcen-
cipitation development. tration and size and thus cannot be considered separately, as

We find that whilst there is little effect on precipitation at feedbacks from one can influence the strength of the other.

the time of the aerosol retrieval, in the 6 h after the aerosolth M|>I<.ed—.zha}se dclouq:,hat;]e gompﬁratlvelél dmore comp(!ll'cated
retrieval, there is an increase in precipitation from cloud in 1an fiquid clouds, wi € Ice phase adding a hew dimen-

high-aerosol environments, consistent with the invigoration_Slon to the interaction of aerosols with preC|p|tat_|on_. The(_)ret-

hypothesis. Increases in lightning flash count with increased®® arguments haye geehn mad:a fo(;;[“_aerosol w;wgg(r)atlon of
aerosol are also observed in this period. The invigoration efPrecipitation in mixed-phase clouddilliams et a (2009

fect appears to be dependent on the cloud-top temperaturé‘,ndRose.nfeld et al(z_oioaides_cribe a mechanism where the
with clouds with tops colder than®0C showing increases in suppression of precipitation in the early stages of cloud de-

precipitation at times after the retrieval, as well as increased€lopment in a _h_|gh-CCN environment may lead to an n-
in wet scavenging. Warm clouds show little change in precip-creased probab|l_|ty of a cloud developing a_bove the freezing
itation development with increasing aerosol, suggesting icéevel, where the increased buoyancy supplied by the droplet

processes are important for the invigoration of precipitation. freezmg m'gh.t then Ie_ad t_o an |nV|gor.at|on of precipitation.
Precipitation invigoration is also considered evens and

Feingold (2009, although they note that in a buffered sys-
tem (that is, one where many competing pathways may act
to change the output), detecting the response to a perturba-
tion can be difficult.
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Observational studies of precipitation from convective a)

clouds show varying links between aerosol and precipitation 0.6

properties, with some showing an positive and some a nega- 0.4

tive correlation between precipitation and satellite-retrieved 02

aerosol. Several observational studies have shown a decreast '

in precipitation in high-aerosol environmentRdsenfeld 0.0

1999 Huang et al. 2009 Sorooshian et gl.2009, whilst

others suggest an increase in precipitation in both satellite 0-6 -

(Lin et al, 2006 Koren et al, 2012 Niu and Li, 2012 and 0.4 <

ground-based remote sensing measureméengs &l., 2017). 02 E

At very high aerosol concentrations with significant absorp- 00~

tion, other effects have been noté&ahren et al. (2008 show c

that although aerosols may act to increase cloud formation 03

at low aerosol optical depth (AOD), the radiative effect of =

aerosols may dominate microphysical effects at high AOD, 00 €

suppressing cloud formation. E
Modelling studies of mixed-phase clouds also show vary- —03°%

ing results.Lebo and Seinfeld2011) show a decrease in
precipitation from mixed-phase clouds in high-CCN envi- Figure 1. (a)The annual mean MODIS aerosol index (Al) in the re-
ronments. In their model, they find that even an increase irfion studied (30N-30 S) for the years 2005-200(h) The annual
ice nuclei (IN) may not produce a statistically significant in- Mean TRMM 3B42 merged precipitation rate in the same reg@n.
crease in precipitatioiKhain (2009 notes a variety of differ- | " difference in TRMM 3842 precipitation rate between days in
L . the highest Al quartile and days in the lowest Al quartile, with red
ent effects of aerosol on precipitation in models, dependmqndicating an increase in precipitation at high Al (based<amen
on the cloud regime and environmental conditions. etal, 2012
A link has been shown between satellite-retrieved AOD
and precipitation globallyKoren et al, 2012, with an al-
most universal increase in precipitation with increasing AOD
being found, similar to that in Fid.. Whilst the interpretation  generally indicative of CCN abundance, they are also sus-
of this result has been disputeBqucher and Quaag012 ceptible to humid swellingTwohy et al, 2009 and cloud
Koren et al, 2013, it shows a strong link between satellite- contamination of the retrievaKgufman et al.2005 Zhang
retrieved aerosol and precipitation properties. The cause oét al, 2005, as well as 3-D effectd/fen et al, 2007), where
this relationship is less clear, and may be due to meteorologilight scattered from the side of clouds can artificially in-
cal covariation, satellite-retrieval errors or aerosol influencescrease the retrieved AOD. These interactions modify the re-
on precipitation. trieved AOD without changing the CCN, and their strength
When considering precipitation and aerosol, wet scavengis related to the cloud properties. These interactions are hy-
ing is also important, as precipitation is expected to removepothesised to cause a large part of the AOD—cloud-fraction
aerosol from the atmosphere and is the dominant removaCF) relationship Quaas et al.201Q Grandey et aJ.2013
mechanism for many aerosol speci@sxtor et al, 2009. A and have been referred to as type-one meteorological errors
negative relationship between AOD and precipitation might(Gryspeerdt et al.2014h. A perfect CCN retrieval would
be indicative of this relationship. It is also possible that remove type-one meteorological covariations. Some meteo-
this negative relationship cannot be observed using satellitesplogical properties modify both the retrieved AOD and the
as they cannot sample the aerosol in cloud-covered scenasderlying CCN, such as dust outflow from the Sahara often
where the wet scavenging is occurrifigrandey et aj2013. being accompanied by warm dry air. These are referred to as
It is important to note that a change in precipitation is type-two meteorological covariations and would exist even
fundamentally limited by the planetary energy balance (e.gwith a perfect CCN retrievalGryspeerdt et al2014h.
Allen and Ingram2002). The processes investigated in this  In this work, we make use of the methods@fyspeerdt
work might change the local precipitation, but we assumeand Stien2012 andGryspeerdt et ak2014Hh to reduce the
that any change is balanced by non-local effects such thainfluence of meteorological and retrieval issues on the rela-
there is no change in the global mean precipitation. tionship between precipitation and retrieved aerosol. We use
Several interactions could be causing the observed relamultiple precipitation retrievals to investigate the precipita-
tionships. Both precipitation and aerosol optical depth aretion development of separate cloud regimes, accounting for
notoriously hard to retrieve using space-based instrumentghe influence of cloud fraction and meteorological effects at
Aerosol retrievals are used as a proxy to CCN, and while boththe time of the aerosol retrieval. This enables us to gain a
AOD (Andreae 2009 and aerosol index (Al — AOD mul- clearer picture of how aerosols might be influencing precipi-
tiplied by Angstrém exponent)Nakajima et al. 2001 are  tation properties.

Atmos. Chem. Phys., 14, 9678694 2014 www.atmos-chem-phys.net/14/9677/2014/



Gryspeerdt et al.; Links between aerosols and precipitation 9679

2 Methods regime are the same for both the high and low Al popula-
tions. This helps to reduce the influence of cloud fraction on

Both the aerosol effects on precipitation and meteorologicakaerosol, as well as reduce the effect of meteorological fac-
influences on the correlation between aerosol and precipitators which cause the AI-CF relationship. Using this method
tion are expected to be strongly influenced by the cloud typereduces the difference in mean CF between the high and low
with aerosol invigoration effects expected primarily in con- aerosol populations to less than 1 %, which removes the Al-
vective regimes. Meteorological covariations, where aerosolCF link at the time of the aerosol retrieval. This process is
and cloud properties are correlated because they are linkedlso repeated for ECMWF ERA-Interim 850 hPa relative hu-
to a meteorological parameter (such as relative humidity;midity (RH) and 500 hPa pressure vertical velocibgdp).
Quaas et a]201Q Grandey et aJ2013, are particularly per- As noted inGryspeerdt et ak2014h and the supplemen-
vasive when considering relationships between aerosol antary information ofKoren et al(2012), removing the link be-
cloud properties, due to the strong influence of meteorologtween CF and Al will reduce the vertical extent of the sample
ical properties on cloud and aerosol properties separatelyof clouds under investigation. This in turn can remove any
To attempt to reduce these influences, we separate our rdinks between Al and precipitation, including links due to an
trievals by cloud regime, in the manner Gryspeerdt and aerosol effect on precipitation. To avoid this, we make use of
Stier (2012 and Williams and Webb(2009. This method the diurnal nature of the cloud and precipitation cycle in the
assigns clouds to regimes based on the mean cloud fradropics.
tion, cloud-top pressure and cloud optical depth, with the By using multiple different satellite retrievals, both before
regime properties being determined using a k-means clusteiand after the Al retrieval, we can determine how aerosol is
ing method. The centroids necessary to recreate the regimeelated to the development of precipitation. This allows us to
for the region used in this study are listed in TakhleWe account for the AOD-CF relationship, unlike studies that use
use the region 3ON-30° S, 180 W-180 E over the period “snhapshots” of satellite-retrieved properties.
2003-2007 in this study (2003—2009 for the maps of precip- For precipitation retrievals, we use the TRMM merged
itation change). precipitation product (3B42)Adler et al, 200Q Huffman

We use MODIS for both aerosdRémer et a.2005 and et al, 2007). In this work, we use version 7 of the 3B42
cloud (Platnick et al. 2003 properties. These are both from product regridded to a°lby 1° resolution. For each TRMM
the collection 5.1 level 3 daily data, at by 1° resolu-  3B42 precipitation retrieval, the closest MODIS aerosol and
tion. We use the Al as our aerosol product, as it includescloud regime retrievals are determined, noting the time offset
a size dependence and has been shown to correlate betteetween the MODIS and the precipitation retrievals. These
with CCN (Nakajima et al. 2001). High and low aerosol time offsets from the MODIS retrievals are then used to
are defined as the highest and lowest Al quartiles respecealculate the diurnal cycle of precipitation for each regime.
tively, and are defined separately for eachhy 1° loca- Due to possible missing data and sparse retrievals, we do
tion, regime and season. The varying definitions mean thahot attempt to track the development of individual clouds;
the difference between high and low aerosol varies by lo-rather, we only infer the development of the regimes. The
cation, regime and season, with a large difference betweemRMM merged precipitation product is based primarily on
high and low Al in regions with a large Al variation, such as the TRMM 13.8 GHz radar and passive microwave precipita-
the Bay of Bengal. The mean Al value is strongly influencedtion retrievals. This limits the direct detection of light precip-
by the high values due to the Al distribution being biaseditation, as it is below the detection threshold of the TRMM
towards smaller values. This means that high-Al regions typ+adar Kummerow et al. 1998. The reduction in detection
ically have a large variation in Al. As precipitation is typi- ability means that we are unlikely to be able to observe any
cally heavier in high cloud fraction regimes, to prevent sam-suppression of warm precipitation from shallow clouds.
pling issues, we use the spatial interpolation methd¢ooén At 1° by 1° resolution, advection can cause a significant
et al.(2012. This method interpolates aerosol retrievals into change in the properties of a single dy 1° grid box over
cloud-covered pixels that are adjacent to pixels with a valida period of 12h. To account for this, we make use of the
Al retrieval. HYSPLIT Lagrangian trajectory modeD¢axler and Hess

The strength of the AI-CF relationship may affect many 1998, using NCEP reanalysis to run the model. The start-
different correlations between aerosol and cloud propertiesing altitude is determined separately for each regime (Table
Gryspeerdt et al(20140 showed that both mid-level and 1), and the model is run forward and backward 12 h across
deep convective clouds are correlated with higher MODISthe study region to account for the effect of advection on the
Al, and that although this might appear to indicate an invig- observed results. We determine the starting altitude based on
oration effect, it is probably a result of the strong correlation the cloud regime. It is possible that the aerosols are located
between Al and CF due to effects other than an aerosol inat a different height to the clouds and thus do not follow the
fluence on clouds. To account for this, we follow the method HYSPLIT trajectory determined for the clouds. This should
of Gryspeerdt et a20148, which ensures that, at the time have a minimal impact due to the larger spatial scales of
of the aerosol retrieval, the distributions of CF within each aerosols compared to cloudéd/€igum et al. 2012 and the
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Table 1.Cloud regimes used in this study, frdBryspeerdt and Sti€2012. The mean GPCP rain rate{ffman et al, 2009 and the initial
height used for the HYSPLIT trajectory analysis are also included.

Regime Albedo (%) CTP (hPa) CF (%) Rain (mde HYSPLIT altitude (m)
Shallow cumulus 45.2 551 24.7 1.13 1000
Thick mid-level 62.8 261 97.6 10.56 3000

Thin mid-level 40.0 270 84.3 5.54 6000
Transition 40.5 856 58.3 0.99 1000

Anvil cirrus 33.7 137 88.0 6.54 8000

Deep convective 69.7 127 98.6 23.68 6000
Stratocumulus 48.7 745 83.9 1.75 1000

Table 2. The mean total TRMM 3B42 merged precipitation (mm) for the 6 h followihg O for the years 2003—2007. These are the mean
precipitation rates over the perigt+ 0 — +6 for each of the sub-figures in Fig.

Ocean (mm day?) Land (mmday?)

Regime High Al Low Al High Al Low Al
Total 2.10 0.78 6.13 4.11
Shallow cumulus 0.58 0.47 2.98 2.20
Thick mid-level 10.4 9.19 13.8 11.7
Thin mid-level 2.10 1.87 5.85 4.22
Transition 0.72 0.56 4.11 2.73
Anvil cirrus 1.63 1.54 4.09 3.01
Deep convective 28.9 26.7 33.8 29.5
Stratocumulus 1.63 1.44 6.38 4.75

short timescales involved. Any errors in the HYSPLIT tra- logical properties at the time of the retrieval, whilst still al-
jectories should be random rather than a systematic functiotowing cloud vertical development, and time for any aerosol
of aerosol Engstrdm and Magnussp2009, so by using effects to act on the cloud properties.
several years of data, we reduce the impact of errors in the
trajectories.
In addition to these main data sets, we also make use 0§ Regylts
several other data sets in a lesser capacity. The TRMM Light-
ning Imaging Sensor (LIS) also provides a measure ofthe acz 1 Temporal variations
tivity of convective system<Zhristian 2003. By using high-
frequency optical measurements, the LIS is able to determingve use Aqua MODIS to provide the Al and cloud retrievals,
the lightning flash rate of storms in a 90 s observation period defining time zero T +0) as the satellite overpass time
An increase in lightning flash rate indicates increased vigour(13:30 local solar time, LST). Without separating our data
in a convective system. Increases in flash rate with increasegy regime, we find a differing diurnal cycle over both land
AOD have been prEViOUS|y observed in the western PaCIflCand ocean (F|¢a, b) Over land (F|92b), the peak precip_
(Yuan et al, 2011). itation rate occurs at approximately+ 4 (17:30 LST), with
Finally, we make use of the ISCCP 3-hourly D1 data seta minimum in precipitation arounfi — 2 (11:30 LST). Over
(Rossow and Schiffer1999. We use this to provide cloud- ocean (Fig2a), the peak in precipitation is less clearly de-
top temperatures at several times during the day to investifined, occurring between arourl— 12 and7 — 6 (01:30
gate the effects of cloud-top temperature on the precipitatiorhnd 07:30 LST). We also see the mean precipitation rate over
development, and on the possible aerosol—-precipitation inteftand is higher than that over ocean, although the daily mini-
actions. The ISCCP and TRMM LIS data are regridded to amum rain rate is similar, at about 0.05 mmih
1° by I° resolution. To separate our data by regimes, we use the regime de-
Using the diurnal sampling ability of TRMM merged fined atT +0. For example, this means that the deep convec-
product, we are able to examine how precipitation develop+jve regime (Fig2m, n) is only guaranteed to be a deep con-
ment varies for different regimes and aerosol environmentsyective cloud af” + 0. The cloud regimes transition to other
This can account for the influence of CF and other meteororegimes over the observation period (the influence of aerosols
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Figure 2. Mean precipitation rain rates at times before and after the Aqua MODIS aerosol and cloud retrfewa0gil3:30 LST) for the

region 30 N-30° S. The development in a high-Al environment is shown in red and a low Al environment in blue. Statistical errors are
shown at 95 % significance. The top row (“All regimes”) shows the development of precipitation if cloud regimes and the Al-CF relationship
are not accounted for. These plots are created from MODIS L3 cloud and aerosol data and TRMM 3B42 3 h merged precipitation data over
the five years 2003—2007. Numerical values for the mean precipitation Withi® — +6 are given in Tabl@

on the transition frequencies is investigated@nyspeerdt diurnal cycle (Fig.2m). The weak diurnal cycle means that

et al, 2014h. The transitioning between regimes means thatwe are as likely to find them early as we are to find them

it is very unlikely that the clouds in the deep convective late in their life cycle. As the deep convective regime has

regime at7T + 12 are still deep convective clouds. However, the heaviest precipitation (Tablg, this generates a peak in

they have all transitioned from the deep convective regime athe precipitation rate &t + 0 and a reduction in precipitation

T + 0, and thus the life cycle of the regimes can be studied. rate before and aftef +0 that is defined by the timescale for
As the regime is only guaranteed?# 0, apparent diurnal  formation/decay of the deep convective regime. This effect is

cycles can be generated in regimes/locations where the reahost significant for deep convective clouds over ocean, but

diurnal cycle is weak or where the frequency of occurrencealso affects deep convective clouds over land wherO0 is

of aregime is particularly low. For example, deep convective10:30 LST (Fig.3n).

clouds found over ocean at 13:30 LST are not part of a strong
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Figure 3. As Fig. 2, but using Terra MODIS for the cloud and aerosol retrievals, givifighaO of 10:30 LST.

The difference in precipitation rate between the high andand precipitation af” + 0 (Fig. 2c—p). Over ocean the dif-
low Al populations when not considering regimes or mete-ference in precipitation between the high and low Al popu-
orological state is large (Figa, b), especially over ocean lations is eliminated completely in almost all of the regimes,
(Fig. 2a), where there is a strong increase in precipitationwith only the transition and shallow cumulus regimes show-
with Al. At T 40, the difference in precipitation rates is com- ing a small difference. Over land, only the stratocumulus
parable to those found oren et al.(2012, although there  regime shows a significant difference in precipitation rate be-
are some differences in how our data are prepared (we useveen the high and low Al populations Att 0, although the
guartiles rather than terciles for determining high and low difference is small (Fig2p). The minimal difference i +0
Al). Without limiting the study to specific cloud regimes or precipitation rate between the high and low Al populations is
accounting for the AI-CF correlation, the high Al population important, as we have not explicitly reduced it; we only min-
has a precipitation rate almost 3 times the low Al populationimise the difference in CF, RH angkgo. This emphasises the
at T + 0 over ocean, and over land the increase is approxistrength of the correlation between CF and precipitation rate,
mately 50 % (Tabl&). suggesting that CF may act to mediate the Al—precipitation

Separating our data into cloud regimes and accounting focorrelation in the same way as the AOD-cloud-top-pressure
CF at the time of the Al retrieval reduce the link between Al (CTP) correlation Gryspeerdt et 81201438.
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a) Shallow Cumulus b) Thick Mid Level

-0.2 0 0.2
Change in +6hr mean precipitation (mm hr!)

Figure 4. The difference in mean precipitation between the high and low Al populations fran® to T + 6 using Aqua MODIST +0
at 13:30LST) for each regime, averaged oveb§ 5° regions for the period 2003—2009. Red indicates an increase in precipitation at high
Al. Crosses indicate 95 % statistical significance. The boxes on the shallow cumulus plot are the regions selected for further study (see

Supplement).

a) Shallow Cumulus b) Thick Mid Level

-0.2 0 0.2
Change in -9 to -3hr mean precipitation (mm hr!)

Figure 5. Mean precipitation difference between the high and low Al populations ffor® to T — 3 (T + 0 at 13:30 LST) over the period
2003-2009. Red indicates an increase in precipitation at high Al. Crosses indicate 95 % statistical significance.
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0.06

periences a maximum in precipitation rate betw&ern0 and

+ Land

R Ocean T + 2, whilst the thick mid-level regime shows a maximum

at around? + 3/T +4 and a significant increase in precip-
itation at7 4+ 0 (Fig. 2f). The stratiform regimes exhibit a
maximum even later, at arourfth-4/T + 5 (Fig. 2j, p). This
change in the time of peak precipitation is due to the develop-
ment of the regimes and transitions between them. Some of
the thick mid-level clouds will transition into the deep con-
vective regime in the hours aftér+ 0, where they will have

—0.02 +e o " * .

Change in T+0->+6 precipitation

S e, . | higher rain rates. The thick mid-level regime can be consid-

: : ered as patrtially developed deep convective clouds, which

-0.04r ’ 1 only reach their peak rain rate once they have transitioned
’ into the deep convective regime, exhibiting a later precipita-

~0.0g)5 - < = 55 - tion peak. This development is evident in the shallow cumu-

Mean Al lus regime (Fig2d), where the peak precipitation rate lasts
Figure 6. The dependence of the mean precipitation rate over thefor alonger period of time and is later in thg day, when Some
period T 40— +6 on local mean Al for oceanic (blue dots) and Of the shallow cumulus clouds have transitioned to the thick

continental (red crosses) shallow cumulus. The change in precipMid-level or deep convective regimes. As this could be ex-
itation points are taken from Figla. The straight lines are linear pected to take longer than the transition from thick mid-level
regressions over land (red) and ocean (blue) respectively. to deep convective, the time of peak precipitation is later.
This provides a good example of how the regime-based anal-
ysis separates out clouds with different properties and at dif-
Over ocean, the regimes show similar precipitation devel-ferent stages of development.
opment in both the high and low Al populations. The deep Due to the timing of the diurnal cycle, many of the convec-
convective regime shows little difference in mean precipita-tive regimes observed usingZa+ 0 of 13:30 LST will have
tion rate between the high and low Al populations, and thealready started to develop. We gain extra information by us-
thick mid-level regime (Fig2e) shows only a small increase ing Terra MODIS with a' +0 of 10:30 LST to further inves-
in precipitation in the high Al population compared to the tigate the precipitation development of these regimes @ig.
low Al population. The stratiform regimes show slight in-  The overall patterns are very similar when using Terra Al
creases in precipitation at times after the Al retrieval (Bg@g. and aT + 0 of 10:30 LST (Fig3) compared to Aqua Al and
i, 0). They also show small differences in precipitation ratea 7' + 0 of 13:30LST (Fig.2). The deep convective regime
at T + 0, although these are much smaller than those foundver land now shows similar features to the deep convective
when not accounting for the influence of the strong AI-CF regime over ocean, with a peak®At+ 0 and a steady build-
correlation (Fig.2a). Over land (Fig.2d, f, h, j, I, n, p), up/decay in rain rate before and aftér+ 0. This is due to
the differences in precipitation development are much morehe lack of deep convective clouds at this stage in the diurnal
striking, with all the regimes showing increased precipitation cycle over land.
for the high Al population aftef” + 0 compared to the low The most notable difference is in the thick mid-level
Al population. It should be noted that although the statisticalregime over land (Fig3f), where a much larger fractional
errors are shown in Fi@, the variation in the precipitation increase in precipitation aftéf + 0 is observed in the high
rate through the day indicates larger errors in some of theAl population compared to the low Al population than we
regimes, especially those with low precipitation rates and asee when using Aqua MODIF' (+ 0 at 13:30LST). There is
low frequency of occurrence (RFO), such as marine stratocuan almost 30 % increase in the rain rate of the high Al pop-
mulus. ulation over the 6 h of’ + 0 — +6 compared to the low Al
Many of the regimes show a higher rain rate from the low population, but no difference in rain rate At+ 0. The in-
Al population than the high Al population befofe+ 0, over  creased sensitivity of the precipitation to Al changes when
both land and ocean. When the data are not separated hysing Terra MODIS compared to Aqua is due to the diurnal
regime, this difference in pré&— 0 precipitation is seen over cycle. Many of the deep convective regime clouds that we
land, but to a lesser extent (Figh). A higher precipitation  find when using Aqua MODIS are developing at 10:30 LST,
rate at times befor& + 0 is associated with a lower retrieved so we find them in the thick mid-level regime. The high Al
Al at T + 0 through wet scavenging, which removes aerosolpopulation thick mid-level clouds are more likely to transi-
from the atmosphere. This generates an inverse relationshipon to the deep convective regime over the next 3 h than the
between preF + 0 precipitation and retrieved Al &t + 0. low Al population Gryspeerdt et al20148. This suggests
The time of maximum precipitation and maximum differ- that, for observing convective systems, 10:30 LST has advan-
ence in rain rate between the high and low Al populationstages for use a% + 0, as it catches the systems as they are
differs by regime. The deep convective regime (Rig) ex- developing, rather than when they are already in the deep
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Figure 7. As Fig. 2, but using ISCCP cloud-top temperature (CTT) to remove all clouds with a mean CTT of less then 273 K, keeping only
liquid-phase clouds. The gaps in the precipitation development of the deep convective regimiénglicate a lack of data.

convective regime. However, it does not allow for the inves-3.2 Regional variations

tigation of developed deep convective regimes due to a low

deep convective regime RFO at 10:30 LST. o . )
These regime-based results show similarities to the result§S Most of the precipitation increase with Al occurs in the

found without using regimes, but they also illustrate the im- & h following the aerosol retrieval, we examine the mean rain

portance of accounting for regimes and the AI-CF corre-Tate across the periodl +0— +6 to investigate regional

lation. Whilst the restriction of CF reduces the vertical ex- Variationsin precipitation development. Due to the sparse na-

tent of the clouds (due to the strong CF—CTP relationship){uré of the data in some regimes, we average oveny55°

not accounting for this effect can result in an overestimation'®91ons (Fig4). For the rest of this work, we use only Aqua

of the influence of aerosols on CF by at least a factor ofMODIS to provide the cloud and aerosol properties, giving a

2 (Gryspeerdt et al20141). Investigating the development I +0 of 13:30LST. This enables us to study both develop-

of the regimes reduces the effect of CF on the Al retrieval,i"g and developed deep convective clouds over land, which

whilst allowing an aerosol influence on cloud vertical devel- IS N0t possible when using Terra MODIS. The difference in
opment. the regime behaviour is clear, and there are also clear regional

variations over the 6 h window (Fig). The shallow cumulus
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Figure 8. As Fig. 2, but using ISCCP CTT to remove all clouds with a mean CTT of more than 273 K, keeping only mixed- and ice-phase
clouds.

regime shows an increasedi0 — +6 precipitation (mean There are less data from the convective regimes, making
precipitation rate betweefi + 0 andT + 6) for the high Al determination of any regional patterns difficult (Fih, f).
population over almost all the continental regions (FHig). However, both the thick mid-level (Figlb) and deep con-
Also notable is the small decrease in mean precipitation ovewective regimes (Figdf) show some significant increases in
the Arabian Sea and South China Sea for the high Al populamean precipitation over land. Over ocean the results are too
tion. This decrease in precipitation is confined to the regionnoisy to determine the magnitude or sign of any regional ef-
close to land in the Indian Ocean and western Pacific, withfect.

increases in precipitation being observed in the eastern Pa- Repeating this analysis over the perid@d—9— —3

cific and southern Indian Ocean. There are some anomaloug-ig. 5), we see the expected wet scavenging relationship,
decreases in precipitation with increasing Al in the middle with higher mean precipitation rates in the low Al popu-
of the Pacific Ocean, which is most obvious in the shallowlation. Although many regions show that the high Al pop-
cumulus regime. These are due to an uncertainty in the Aqualation experienced stronger precipitation over the period
overpass time around the international dateline when using — 9 — —3, some regions (typically in locations with a
level 3 MODIS data. low mean Al) show the opposite effect. This may indicate
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Figure 9. The difference in TRMM LIS flash rate for the high and low Al populations for the study regichN38(° S, 180 W-180 E)
over the period 2003—-2007. Red indicates the flash rate development for the Al population and blue the low Al population.

that wet scavenging of aerosol is less effective or that a dif-This negative correlation indicates that different processes

ferent process, such as an increase in liquid water path ifbecome important as aerosol concentrations increase, sup-

high-aerosol environments, is important in these clean, lowpressing precipitation at very high concentrations. As this

precipitation-rate regions. correlation is stronger than the correlation with mean pre-
The difference in mean shallow cumulus precipitation ratecipitation rate £ =—0.02), this suggests that the change in

over the periodl’' + 0 — +6 between the high and low Al precipitation rate over th& + 0 — +6 period is not only as

populations shows regional differences (Fg). In general,  result of meteorological covariations.

precipitation increases with increased Al are observed over In contrast, the difference in medh— 9 — —3 precipita-

the ocean. However, in the northern Indian Ocean and theion between the high and low Al populations is strongly cor-

East China Sea, decreases in precipitation with increasing Atelated to the mean precipitation rate{ —0.5, not shown).

are observed over tHé + 0 — +6 period (Fig.1a). This suggests that the strength of the relationship between Al
Over ocean, the difference in precipitation between theandT — 9 — —3 precipitation rate is controlled by meteoro-

high and low Al populations over th& +0— +6 period logical factors, as would be expected if wet scavenging was

is negatively correlated to the mean Al (F&.r = —0.25). the primary process involved.
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1F T - effect when compared to the “all-data” case (no separation
1 between warm and mixed/ice-phase clouds, B)gs most
_ likely due to the lower overall precipitation rate in the warm
clouds.
0.75 At times afterT + 0 in the warm clouds (Fig7), some

regimes do show an increase in retrieved precipitation. This
increase is observed in the shallow cumulus and transition
0.5 regimes. As the TRMM 3B42 product may not be able to
accurately retrieve very light rain, the occurrence of this dif-
ference in precipitation aftef + 0 in the warm clouds may
L . 3 indicate an increase in cloud liquid water, rather than a pre-
I cipitation increase. It is also possible that using thenkan
’ 0 cloud-top temperature does not completely screen mixed-
0.5 T, ‘ phase clouds and that this increase is caused by some mixed-
0 0.2 0.4 0.6 phase clouds being included in the sample of warm clouds.
Mean Al We should also note that although an aerosol suppression of

Figure 10. Joint histogram of the AI-CF correlation in the study precipitation ,has been observed at high AODs (eefpsock
region as a function of local mean Al, using Terra MODIS data at €t @l» 2008 L'Ecuyer et al, 2009, we do not expect to see

1° by 1° resolution over the period 2003-2011. The histogram is it here, as the suppression process mainly impacts light rain,
normalised by the maximum frequency of occurrence. which the TRMM 3B42 product is less sensitive to.

In the mixed/ice-phase case (FB), the development of
the precipitation is very much like the all-data case (Rig.
3.3 Warm and mixed-phase clouds with increased precipitation at times aftér+ 0 with in-
creasing Al in many of the regimes, especially over land.

While they depend on CTP, the regimes used in this work doThis is most likely due to the larger precipitation rate in the
not explicitly separate warm and mixed-phase clouds. How-clouds with tops colder than 273 K, which generate most (al-
ever, many hypothesised effects of aerosols on precipitatioomost 90 %) of the precipitation observed in the all-data case
depend on whether the clouds include ice-phase hydrometdFig. 2).
ors. We separate out clouds with tops colder than 273 K us- Restricting the cloud-top temperature restricts the verti-
ing the ISCCP D1 cloud-top temperature retriei@bgsow  cal development of the cloud, and prevents the warm clouds
and Schiffer1999. This is provided on a 3 h time step, syn- growing into higher precipitation rate regimes. The small dif-
chronised with the 3B42 precipitation retrievals. Unlike the ferences in precipitation rate for the warm clouds (where ver-
regime, which is determined only at+0, we ensure that the tical development is restricted) suggest that the growth into
cloud-top temperature is above 273 K for all the precipitationthese more highly precipitating regimes is important for gen-
retrievals at all time offsets in the warm case. erating the difference in precipitation rate between the high

Plotting the precipitation development for each regime,and low Al populations. It also suggests that ice processes
both before and after the Al retrieval (Fig), shows an are likely to be important in an invigoration effect, as we only
increase in precipitation after the Al retrieval for the high observe the increase in precipitation for the high Al popula-
Al population compared to the low Al population. When tion compared to the low Al population when clouds tops are
repeated using only clouds with tops warmer than 273 Kallowed to ascend above the freezing level.
(Fig. 7), we find a much smaller difference in precipita-
tion development between the high and low Al populations
These warm clouds also have a much smaller precipitatio
rate compared to the mixed-phase and ice clouds. Clouds
with mean cloud-top temperatures warmer than 273 K con4t is possible that the changes in precipitation development
tribute about 60% of the total retrievals we use, but onlywe have observed are due to limits in the precipitation re-
10 % of the total retrieved precipitation. trieval. Whilst the 3B42 retrieval includes data from the

In the warm clouds, the wet scavenging effect (lower rain TRMM precipitation radar, the majority of retrievals are per-
rate in the high Al population beforg + 0) is not so clear formed using microwave radiometers and IR geostationary
(Fig. 7), although it is visible over land in certain regimes. satellites Huffman et al, 2007). These retrievals make as-
It is likely that this effect is stronger over land due to the sumptions about the properties of the clouds which may not
larger Al variance. This indicates that the precipitation from hold in different aerosol environments, especially if there is
these warm clouds is still removing aerosol from the atmo-a change in cloud properties. The “HQ” product from the
sphere and that the wet scavenging effect exists even whelRMM 3B42 version 7 data set provides the non-gauge-
the clouds are ice-free. The reduction of the wet scavengingorrected merged microwave-only retrieval, without the IR

0.25

CF-Al correlation coefficient

'n?».4 Instrument effects
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precipitation retrieval combined. We use this to investigatethat the increase in precipitation observed using 3B42 is not
the role of the IR precipitation retrieval. due to errors in the precipitation retrieval resulting from the
We find that the results are very similar to those includ- aerosol environment.
ing the geostationary IR products (see Supplement). There
are a number of small differences; the spike in precipita-
tion rates afl’ — 2 (approximately midday) in the anvil cirrus 4 Discussion
over ocean regime would appear to be due to the IR precip-
itation retrieval. The difference in precipitation between the Qur results appear to show an increase in precipitation with
high and low Al populations for the marine stratocumulus increasing Al that is not due to the strong AI-CF correla-
is also reduced. Finding similar correlations between aerosolion. There are several possible factors that could be gener-
and precipitation properties when using the HQ product sug-ating the observed results. These can be classified into one
gests that the IR retrieval is not the cause of our main resultsof three main types. Firstly, the precipitation retrievals may
We also make use of lightning flash counts from the LIS not be reliable in regions of high aerosol, where the assump-
on board TRMM to provide an independent measure of con+ions about the cloud and precipitation properties used in the
vective activity, via an increase in flash rate. We treat the LISprecipitation retrieval may no longer be valid (eAustin,
flash counts in the same fashion as the 3B42 precipitationi987). Secondly, it is possible that the Al retrieval is not
data, resulting in a diurnal cycle of flash rates for the higha good proxy for CCN in certain conditions. Sampling is-
and low Al quartiles in each regime, over both land and ocearsues due to the inability of satellites to retrieve Al in cloud-
(Fig. 9). covered locations may also play a role, especially in precip-
There is a large difference between the oceanic and contiitating scenes. Finally, type-two meteorological covariations
nental flash rates (Fi@), with flash rates over land being up (Gryspeerdt et al20140 resulting in a change of CCN (and
to 10 times larger than over ocean for the same regime. Thig\l) along with a change in cloud and precipitation properties
is believed to be due to an increased vigour of convectioncould possibly generate the observed relationships without
over land Zipser, 1994). The peak flash rates in the regimes an aerosol effect on precipitation. Each of these possibilities
over land are consistent with the expectation of convectiveis considered in turn in the following section.
activity within the regimes. The deep convective regime ex-
hibits the largest peak flash rates; the other regimes have simt.1  Precipitation retrieval errors
ilar peak flash rates, with the thick mid-level and anvil cir-
rus regimes having slightly higher flash rates than the otheAreal precipitation is a notoriously hard quantity to measure,
regimes. even using surface instruments. While the random errors in
The diurnal cycle in flash rate over land is much strongerthe precipitation retrieval may be large, these are reduced by
than that observed over ocean. We find increases in the flastising a large quantity of data. However, possible systematic
rate for the high Al populations compared to the low Al pop- errors as a function of aerosol could still be generating our
ulation afterT + 0, especially over land. This is similar to results. The apparent wet scavenging effect at times before
the increases in precipitation seen in the high Al popula-T + 0 provides a possible mechanism for generating system-
tion after T+ 0. In the shallow cumulus regime (Figb), atic errors, especially over land.
we find a strong increase in the flash rate betwEenl and Microwave retrievals over land are sensitive to the surface
T +6, with very little difference af” +0. In many of the other  emission properties, which themselves are dependent on soil
regimes, especially over ocean, there are not enough data tooisture Rao et al. 1987 Greenwald et a/.1997). For a
draw any significant conclusions about the relationship be-given atmospheric profile, a high soil moisture results in a
tween Al and the lightning flash rate. lower brightness temperature and thus, if unaccounted for,
Over both land and ocean, we find little difference betweenhigher retrieved precipitation. Due to the wet scavenging of
the flash rates of the high and low Al population befdre0. aerosol, the Al retrieval is correlated to precipitation inten-
This is most likely due to a combination of the lack of data sity beforeT + 0. As such, Al might also be an indicator of
from these regimes and the influence of the diurnal cycle.soil moisture and thus perhaps an indicator of errors in the
Low flash rates in the morning’(— 6 to 7 +0) over land are  precipitation retrieval due to soil moisture.
due to the lack of convective activity i and Zipser2008. There are also possible errors in the precipitation retrieval
The small influence of lightning on Al likely also plays a due to the physical basis of the retrievals. Microwave re-
role, as unlike precipitation, lightning does not directly re- trievals are known to have difficulty in separating precipi-
move aerosol from the atmosphere and thus might not be extation from cloud water, such that a decrease in precipita-
pected to generate a wet scavenging relationship. Combiningon (if it results in an increase in cloud water) may be seen
this with the sparse nature of lightning flashes makes observas an increase in precipitation (eRerg et al, 2006. Over
ing any wet-scavenging-like effect very difficult. The signif- land, passive microwave retrievals often have a strong re-
icant increase in flash rate for the shallow cumulus regimeliance on scattering channels, which have a strong sensitiv-
(Fig. 9b) over land in the high Al population would suggest ity to the cloud ice contentBauer et al.2005. A possible
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aerosol influence on anvil clouds related to convective sys4.2 Aerosol retrieval errors
tems Koren et al, 2010 could increase the amount of cloud
ice, increasing the retrieved precipitation without changingSystematic errors in the aerosol retrieval may also result
the surface precipitation. in spurious correlations between precipitation and satellite-
By comparing the precipitation development results from retrieved aerosol properties (type-one meteorological errors).
the 3B42 product (Fig2) with the flash rates from the Previous studies have suggested that the Al may be more
TRMM LIS (Fig. 9) and the reflectivity results from the closely related to the CCN concentration than AQNaKa-
TRMM PR (see Supplement), we are able to investigate dif{jima et al, 2001). However, the strong correlation with CF
ferent measurements of precipitation and convective activitystill suggests that other effects, such as humid swelling (e.qg.
reducing the likelihood that our results are due to precipita-Quaas et al.2010, are important controlling factors on the
tion retrieval errors. There is some variation in the results us-Al retrieval.
ing the different observational tools, although they all show Whilst Al is not perfectly correlated to CCN, using it to
an increase in precipitation/reflectivity/flash rate for the high select the highest and the lowest quartiles of CCN should be
Al population at times aftef + 0, especially over land. This  possible, especially in polluted regions, where there is a large
increases our confidence that our results are due to an insariance in CCN concentration. In very clean regions, where
crease in precipitation in high-Al environments rather than athere is little difference between high and low Al, its abil-
change in cloud properties resulting in a larger retrieved preity to separate out high and low CCN may be compromised.
cipitation rate. Previous studies have also shown increaseth these clean regions, humid swelling or other meteorologi-
transitions into the deep convective regime at high Al, pro-cal effects may be generating most of the difference between
viding further supporting evidence to the aerosol invigoration high and low retrieved Al. If so, then we may be observing a
hypothesis Gryspeerdt et al2014b. correlation between precipitation and CF rather than precip-
The observation of wet scavenging at times befbre O itation and Al in these clean regions.
also provides further evidence that our results are due to a Figure10shows AI-CF correlation as a function of local
change in precipitation rather than cloud properties. Cloudmean Al. This provides a measure of how much of the vari-
properties themselves do not influence the Al as strongly asince in CF is correlated to Al variations. If the correlation
precipitation, and thus they are not expected to generate approaches one, then our method of accounting for the CF
relationship beford + 0 similar to the wet scavenging rela- influence on Al becomes invalid, as we cannot distinguish
tionship seen in the precipitation development plots (Bjg. fluctuations in Al from fluctuations in CF. As we see here, al-
The TRMM LIS flash rate provides an example of this, where though there is an increase in the correlation at smaller mean
there is no difference in flash rate between the high and lowAl, only in a few rare cases is it close to 1. This suggests that
Al populations beforel’ + 0 (Fig. 9). As the wet scaveng- the retrieved Al is not completely correlated to CF, even in
ing relationship is only observed when using the precipita-very clean regions. Whilst other meteorological variables al-
tion retrieval, this increases our confidence in the ability of most certainly play a role, it does suggest that, even in these
the retrieval to determine the precipitation rate. This in turnclean regions, retrieved Al is still able to distinguish between
increases our confidence that the increase in retrieved preiigh and low CCN concentrations.
cipitation for the high Al population compared to the low  Observations of increased cloud-top height with increas-
Al population is due to a change in precipitation rather thaning CCN over land using in situ aerosol measuremehis (
cloud properties. et al, 2011 suggest that aerosol retrieval errors are not the
Itis important to note the reliance of both the radar and theprimary reason for the observed correlations. Repeated anal-
passive microwave retrievals on assumed droplet size distriysis using the AATSR GlobAerosol product (see Supple-
butions. Aerosols are thought to modify the droplet size dis-ment) show similar results to those seen when using the
tribution, increasing the size of precipitation droplets in con- MODIS, suggesting that our results are not due to the par-
vective stormsRosenfeld and Ulbrich2003. In this case, ticular details of the aerosol retrieval.
even if the radar and passive microwave results agree on a
change in precipitation, we are not able to completely dis-4.3 Meteorological covariation
tinguish a change in precipitation rate from an increase in
droplet size. However, we might expect an aerosol influenceEven with perfect CCN and precipitation retrievals, type-two
on droplet size to exist both before and affes- 0. The ob-  meteorological covariation$fyspeerdt et al2014Hh could
servation of wet scavenging befofe+ 0 suggests that the still be causing the observed effects. When considering pre-
precipitation retrieval is actually retrieving a change in sur- cipitation, wet scavenging is also an important considera-
face precipitation. Although this is not conclusive, it provides tion and can result in correlations between aerosol and cloud
supporting evidence of a change in precipitation rate ratheproperties Grandey et a)2013. We have considered the de-
than a change in droplet size. velopment of important ECMWF ERA-Interim variables as
a function of Al, finding little evidence to support a meteoro-
logical effect as the cause of the observed relationships (see
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Supplement). However, there is still the possibility of mete- To investigate the effects of aerosol on precipitation, we
orological influences on our results. study the temporal evolution of the satellite-retrieved precip-
Over both land and ocean, we find an increase in precipitation rate. We find an increase in precipitation for the high
itation for times aftefT” + 0 in the high Al population com- Al population after7 + 0 in the majority of regimes over
pared to the low Al population. The regions where we find land. This increase in precipitation is consistent with the hy-
decreases in precipitation with increasing Al over ocean arepothesised aerosol invigoration effect in convective clouds.
regions where biomass burning is a strong contributor to theAt times before the aerosol retrieval, we find a higher precip-
total aerosol. It would be reasonable to suggest that fires ariation rate in the low Al population, consistent with the wet
suppressed when there is high precipitation, so this mighscavenging of aerosols. These effects are smaller over ocean,
generate a negative correlation between aerosol and precippossibly due to the smaller variance in Al.
tation. Regime-based analysis may help to reduce these er- Over both ocean and land, there is very little difference in
rors by selecting clouds with similar properties &t 0 precipitation between the low and high Al populations at the
(indicative of similar atmospheric conditions), but the only time of the aerosol retrieval. This is in contrast to previous
way to completely determine the influence of these effects isnvork where a strong correlation between Al and precipita-
by using a control sample, perhaps demanding the use of on was observed at the time of the aerosol retriearén
model. et al, 2012 and is likely due to our accounting for the Al—
Our results suggest that the change in precipitation withCF correlation. The small difference in the precipitation rate
increasing Al is not solely due to meteorological covariation. at T 4+ 0 emphasises the strong correlation between CF and
If high Al is an indicator of drier atmospheric conditions, precipitation, which would lead to a strong Al—precipitation
we should find a decrease in precipitation for the high Al correlation via the method demonstratedaryspeerdt et al.
population at times aftef 4+ 0. Whilst we see a decrease in (20143 if the AI-CF correlation is not accounted for.
precipitation with increasing Al in regions of high mean Al The observed increase in precipitation for the 6 h after the
over ocean, we do not see the same effect over land. Thiél retrieval varies by region. In the shallow cumulus regime,
would suggest that a precipitation influence on emission isan increase in precipitation is found with increasing Al in
not the primary cause of our results. many regions. However, in regions over ocean with a very
Recent work has suggested that precipitation in the afterhigh mean Al, a decrease in precipitation is found with in-
noon is more common over drier soils, in contrast to the naivecreasing Al. This indicates an aerosol suppression of precip-
expectation Taylor et al, 2012. As high Al is correlated to itation at very high Al (e.gRosenfeld et al2008, similar to
lower morning precipitation due to the wet scavenging effect,a decrease in CF previously found at high A{®(en et al,
this might indicate a drier surface and thus a higher likeli- 2008.
hood of afternoon precipitation. Lower morning precipitation ~ The change in precipitation development also depends on
may also indicate a slight shift in the diurnal cycle, picking cloud-top temperature, with the effect being much stronger
out situations where the precipitation rate peaks later. Thes@ clouds with tops colder than 273 K. This may be due to
effects are unlikely to be the cause of our results, as previoughe increased precipitation in these colder clouds, although
studies suggest that the temporal auto-correlation in precipiit might support the hypothesis of ice-phase-driven invigora-
tation rates would cause a location with higher precipitationtion of convective clouds.
beforeT + 0 to be more likely to show a high precipitation =~ Due to the possible retrieval errors in the TRMM 3B42
after7 4 0 (Lee et al, 2013. This is the opposite to our re- precipitation retrieval, other measures of convective activity
sults. are also investigated. An increase in TRMM LIS lightning
flash rate is observed at times affer 0 in the shallow cu-
mulus regime for the high Al population compared to the low
5 Conclusions Al one. This suggests that the observed increase in precipita-
tion with increasing Al is not primarily due to precipitation
In this paper, we have expanded on work studying the temporetrieval errors. However, we cannot completely rule out the
ral development of cloud regime&(yspeerdt et al20148, possibility that changes in the precipitation droplet size dis-
investigating the development of precipitation in these cloudtribution are responsible for our results.
regimes. We separated our data into cloud regimes, and then Whilst it is possible that our observed results are due to
defined high and low aerosol within these regimes by makingeither systematic biases in the aerosol or precipitation re-
use of the MODIS Al. To account for CF influences on the trievals, or that they are the product of remaining meteoro-
Al retrieval, we ensure that, for each regime, both the highlogical covariation, we have accounted for the largest known
and low Al populations have the same CF distribution at themeteorological covariations in this study. This work provides
time of the Al retrieval. Whilst this will remove any aerosol a new picture of how precipitation might vary in response
effect on CF at the time of the Al retrieval, these effects areto aerosol perturbations. Accounting for some of the larger
thought to be small in comparison to meteorological covari-known errors reduces the apparent influence of aerosols
ations Quaas et al2010. on precipitation, but the results presented in this study are
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consistent with an invigoration of precipitation from convec- Boucher, O. and Quaas, J.. Water vapour affects both

tive clouds in the presence of higher aerosol concentrations. rain and aerosol optical depth, Nat. Geosci., 6, 4-5,
doi:10.1038/nge01692012.
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