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Abstract

Many theories have been proposed detailing how aerosols might impact precipitation, predicting
both increases and decreases depending on the prevailing meteorological conditions and aerosol
type. In convective clouds, increased aerosol concentrations have been speculated to invigorate
convective activity. Previous studies have shown large increases in precipitation with increasing
aerosol optical depth, concluding an aerosol effect on precipitation. Our analysis reveals that
these studies may have been influenced by cloud effects on the retrieved aerosol, as well as by
meteorological covariations.

We use a regime—based approach to separate out different cloud regimes, allowing the study
of aerosol—cloud interactions in individual cloud regimes. We account for the influence of cloud
properties on the aerosol retrieval and make use of the diurnal sampling of the TRMM satellite
and the TRMM merged precipitation product to investigate the precipitation development.

We find that whilst there is little effect on precipitation at the time of the aerosol retrieval, in
the 6 hours after the aerosol retrieval, there is an increase in precipitation from cloud in high
aerosol environments, consistent with the invigoration hypothesis. Increases in lightning flash
count with increased aerosol are also observed in this period. The invigoration effect appears to
be dependent on the cloud top temperature, with clouds with tops colder than 0 °C showing in-
creases in precipitation at times after the retrieval as well as increases in wet scavenging. Warm
clouds show little change in precipitation development with increasing aerosol, suggesting ice
processes are important for the invigoration of precipitation.

1 Introduction

The relationship between precipitation and atmospheric aerosols is complicated, with many
competing effects hypothesised depending on the prevailing meteorological conditions and
cloud regimes (Levin and Cotton, [2009).

Both theory and observations have suggested that in marine stratocumulus clouds, an in-
creased level of CCN can cause a reduction in cloud droplet size and increase the albedo of the
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cloud (for a fixed liquid water content). This is known as the ‘cloud albedo effect’ (Iwomey,
1977). This change in the droplet size distribution has been hypothesised to result in the sup-
pression of precipitation, which may lead to an increase in the liquid water path of these clouds
(Albrecht, 1989). Both of these effects are generated by a change in cloud droplet number con-
centration and size and so cannot be considered separately, as feedbacks from one can influence
the strength of the other.

Mixed phase clouds are comparatively more complicated than liquid clouds, with the ice
phase adding a new dimension to the interaction of aerosols with precipitation. Theoretical
arguments have been made for an aerosol invigoration of precipitation in mixed phase clouds.
Williams et al.| (2002)) and Rosenfeld et al.| (2008)) describe a mechanism where the suppression
of precipitation in the early stages of cloud development in a high CCN environment may lead
to an increased probability of a cloud developing above the freezing level, where the increased
buoyancy supplied by the droplet freezing might then lead to an invigoration of precipitation.
Precipitation invigoration is also considered by [Stevens and Feingold|(2009)), although they note
that in a buffered system (that is, one where many competing pathways may act to change the
output), detecting the response to a perturbation can be difficult.

Observational studies of precipitation from convective clouds show varying links between
aerosol and precipitation properties, with some showing an positive and some a negative corre-
lation between precipitation and satellite retrieved aerosol. Several observational studies have
shown a decrease in precipitation in high aerosol environments (Rosenfeld, [1999; [Huang et al.,
2009; Sorooshian et al., [2009), whilst others suggest an increase in precipitation in both satel-
lite (Lin et al., 2006; Koren et al., 2012} Niu and Li, 2012) and ground-based remote sensing
measurements (Li et al.,|2011)). At very high aerosol concentrations with significant absorption,
other effects have been noted. [Koren et al.| (2008)) show that although aerosols may act to in-
crease cloud formation at low AOD, the radiative effect of aerosols may dominate microphysical
effects at high AOD, suppressing cloud formation.

Modelling studies of mixed phase clouds also show varying results. [Lebo and Seinfeld| (201 1))
shows a decrease in precipitation from mixed phase clouds in high CCN environments. They
find that in their model, even an increase in ice nuclei (IN) may not produce a statistically
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significant increase in precipitation. [Khain| (2009) note a variety of different effects of aerosol
on precipitation in models, depending on the cloud regime and environmental conditions.

A link has been shown between satellite retrieved AOD and precipitation globally (Koren
et al., 2012), with an almost universal increase in precipitation with increasing AOD being
found, similar to that in Fig. [IL Whilst the interpretation of this result has been disputed
(Boucher and Quaas| [2012; Koren et al.,[2013)), it shows a strong link between satellite retrieved
aerosol and precipitation properties. The cause of this relationship is less clear, and may be due
to meteorological covariation, satellite retrieval errors or aerosol influences on precipitation.

When considering precipitation and aerosol, wet scavenging is also important, as precipita-
tion is expected to remove aerosol from the atmosphere and is the dominant removal mechanism
for many aerosol species (Textor et al., 2000). A negative relationship between AOD and precip-
itation might be indicative of this relationship. It is also possible that this negative relationship
cannot be observed using satellites, as they cannot sample the aerosol in cloud covered scenes
where the wet scavenging is occurring (Grandey et al., [2013)).

It is important to note that a change in precipitation is fundamentally limited by the planetary
energy balance (eg. |Allen and Ingraml 2002). The processes investigated in this work might
change the local precipitation, but we assume that any change is balanced by non-local effects
such that there is no change to the global mean precipitation.

Several interactions could be causing the observed relationships. Both precipitation and
aerosol optical depth are notoriously hard to retrieve using space-based instruments. Aerosol
retrievals are used as a proxy to CCN, and while both AOD (Andreae, |2009) and aerosol index
(AI - AOD multiplied by Angstrom exponent) (Nakajima et al., 2001)) are generally indicative
of CCN abundance, they are also susceptible to humid swelling (Twohy et al.,2009) and cloud
contamination of the retrieval (Kaufman et al.| 2005; |[Zhang et al., 2005) as well as 3D effects
(Wen et al., 2007), where light scattered from the side of clouds can artificially increase the
retrieved AOD. These interactions modify the retrieved AOD without changing the CCN and
their strength is related to the cloud properties. These interactions are hypothesised to cause
a large part of the AOD-CF relationship (Quaas et al., |2010; |Grandey et al., 2013) and have
been referred to as type one meteorological errors (Gryspeerdt et al., [2014b). A perfect CCN
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retrieval would remove type one meteorological covariations. Some meteorological properties
modify both the retrieved AOD and the underlying CCN, such as dust outflow from the Sahara
often being accompanied by warm dry air. These are referred to as type two meteorological
covariations and would exist even with a perfect CCN retrieval (Gryspeerdt et al., 2014b).

In this work, we make use of the methods of (Gryspeerdt and Stier| (2012) and (Gryspeerdt
et al.| (2014b)) to reduce the influence of meteorological and retrieval issues on the relationship
between precipitation and retrieved aerosol. We use multiple precipitation retrievals to inves-
tigate the precipitation development of separate cloud regimes, accounting for the influence of
cloud fraction and meteorological effects at the time of the aerosol retrieval. This enables us to
gain a clearer picture of how aerosols might be influencing precipitation properties.

2 Methods

Both the aerosol effects on precipitation and meteorological influences on the correlation be-
tween aerosol and precipitation are expected to be strongly influenced by the cloud type, with
aerosol invigoration effects expected primarily in convective regimes. Meteorological covari-
ations, where aerosol and cloud properties are correlated because they are linked to a meteo-
rological parameter (such as relative humidity, (Quaas et al.| (2010); |Grandey et al.| (2013)) are
particularly pervasive when considering relationships between aerosol and cloud properties, due
to the strong influence of meteorological properties on cloud and aerosol properties separately.
To attempt to reduce these influences, we separate our retrievals by cloud regime, in the manner
of |Gryspeerdt and Stier| (2012) and Williams and Webb, (2009). This method assigns clouds to
regimes based on the mean cloud fraction, cloud top pressure and cloud optical depth, with the
regime properties being determined using a k-means clustering method. The centroids neces-
sary to recreate the regimes for the region used in this study are listed in Table |1} We use the
region 30°N — 30°S, 180°W — 180°E, over the period 2003-2007 in this study (2003-2009 for
the maps of precipitation change).

We use MODIS for both aerosol (Remer et al.,[2005) and cloud (Platnick et al.,[2003)) proper-
ties. These are both from the collection 5.1 level 3 daily data, at 1° by 1° resolution. We use the
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Al as our aerosol product, as it includes a size dependence and has been shown to correlate better
with CCN (Nakajima et al., |2001)). High and low aerosol are defined as the highest and lowest
Al quartiles respectively, and are defined separately for each 1° by 1° location, regime, and
season. The varying definitions mean that the difference between high and low aerosol varies
by location, regime and season with a large difference between high and low Al in regions with
a large Al variation, such as the Bay of Bengal. The mean Al value is strongly influenced by
the high values due to the Al distribution being biased towards smaller values. This means that
high Al regions typically have a large variation in Al. As precipitation is typically heavier in
high cloud fraction regimes, to prevent sampling issues, we use the spatial interpolation method
of |Koren et al.|(2012). This method interpolates aerosol retrievals into cloud covered pixels that
are adjacent to pixels with a valid Al retrieval.

The strength of the AI-CF relationship may affect many different correlations between aerosol
and cloud properties. |Gryspeerdt et al.|(2014b) showed that both mid-level and deep convective
clouds are correlated with higher MODIS Al, and that although this might appear to indicate an
invigoration effect, it is probably a result of the strong correlation between Al and CF due to
effects other than an aerosol influence on clouds. To account for this, we follow the method of
Gryspeerdt et al.| (2014b)), which ensures that at the time of the aerosol retrieval, the distributions
of CF within each regime are the same for both the high and low Al populations. This helps
to reduce the influence of cloud fraction on aerosol, as well as reducing the effect of meteoro-
logical factors which cause the AI-CF relationship. Using this method reduces the difference
in mean CF between the high and low aerosol populations to less than 1%, which removes the
AI-CF link at the time of the aerosol retrieval. This process is also repeated for ECMWF ERA
Interim 850 hPa relative humidity (RH) and 500 hPa pressure vertical velocity (wsoo)-

As noted in |Gryspeerdt et al.| (2014b) and the supplementary information of Koren et al.
(2012), removing the link between CF and Al will reduce the vertical extent of the sample of
clouds under investigation. This in turn can remove any links between Al and precipitation,
including links due to an aerosol effect on precipitation. To avoid this, we make use of the
diurnal nature of the cloud and precipitation cycle in the tropics.

By using multiple different satellite retrievals, both before and after the Al retrieval, we can
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determine how aerosol is related to the development of precipitation. This allows us to account
for the AOD-CEF relationship, unlike studies that use ‘snapshots’ of satellite retrieved properties.

For precipitation retrievals, we use the TRMM merged precipitation product (3B42) (Adler
et al., 2000; |[Huffman et al.,[2007)). In this work, we use version 7 of the 3B42 product regridded
to a 1° by 1° resolution. For each TRMM 3B42 precipitation retrieval, the closest MODIS
aerosol and cloud regime retrievals are determined, noting the time offset between the MODIS
and the precipitation retrievals. These time offsets from the MODIS retrievals are then used to
calculate the diurnal cycle of precipitation for each regime. Due to possible missing data and
sparse retrievals, we do not attempt to track the development of individual clouds, only to infer
the development of the regimes. The TRMM merged precipitation product is based primarily
on the TRMM 13.8 GHz radar and passive microwave precipitation retrievals. This limits the
direct detection of light precipitation, as it is below the detection threshold of the TRMM radar
(Kummerow et al., [1998). The reduction in detection ability means that we are unlikely to be
able to observe any suppression of warm precipitation from shallow clouds.

At 1° by 1° resolution, advection can cause a significant change in the properties of a single
1° by 1° gridbox over a period of 12 hours. To account for this, we make use of the HYSPLIT
Lagrangian trajectory model (Draxler and Hess,|1998)), using NCEP reanalysis to run the model.
The starting altitude is determined separately for each regime (Table [I)), and the model is run
forward and backward 12 hours across the study region to account for the effect of advection
on the observed results. We determine the starting altitude based on the cloud regime. It is
possible that the aerosols are located at a different height to the clouds and so do not follow
the HYSPLIT trajectory determined for the clouds. This should have a minimal impact due
to the larger spatial scales of aerosols compared to clouds (Weigum et al., 2012)) and the short
timescales involved. Any errors in the HYSPLIT trajectories should be random rather than a
systematic function of aerosol (Engstrom and Magnusson, 2009)), so by using several years of
data, we reduce the impact of errors in the trajectories.

In addition to these main datasets, we also make use of several other datasets in a lesser
capacity. The TRMM Lightning Imaging Sensor (LIS) also provides a measure of the activity
of convective systems (Christian, 2003). By using high frequency optical measurements, the
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LIS is able to determine the lightning flash rate of storms in a 90 second observation period. An
increase in lightning flash rate indicates increased vigour in a convective system. Increases in
flash rate with increased AOD have been previously observed in the West Pacific (Yuan et al.,
2011).

Finally, we make use of the ISCCP three hourly D1 dataset (Rossow and Schiffer, [1999).
We use this to provide cloud top temperatures at several times during the day to investigate
the effects of cloud top temperature on the precipitation development, and on the possible
aerosol-precipitation interactions. The ISCCP and TRMM LIS data are regridded to a 1° by
1° resolution.

Using the diurnal sampling ability of TRMM merged product we are able to examine how
precipitation development varies for different regimes and aerosol environments. This can ac-
count for the influence of CF and other meteorological properties at the time of the retrieval,
whilst still allowing cloud vertical development, and time for any aerosol effects to act on the
cloud properties.

3 Results
3.1 Temporal variations

We use Aqua MODIS to provide the Al and cloud retrievals, defining time zero (T+0) as the
satellite overpass time (1330 local solar time (LST)). Without separating our data by regime,
we find a differing diurnal cycle over both land and ocean (Fig. 2p,b). Over land (Fig. [2b), the
peak precipitation rate occurs at approximately T+4 (1730LST), with a minimum in precip-
itation around T-2 (1130 LST). Over ocean (Fig. [2p), the peak in precipitation is less clearly
defined, occurring between around T-12 and T-6 (0130 and 0730LST). We also see the mean
precipitation rate over land is higher than that over ocean, although the daily minimum rain rate
is similar, at about 0.05 mmh~!.

To separate our data by regimes, we use the regime defined at T+0. For example, this means
that the deep convective regime (Fig.[2m,n) is only guaranteed to be a deep convective cloud at
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T+0. The cloud regimes transition to other regimes over the observation period (the influence
of aerosols on the transition frequencies is investigated in (Gryspeerdt et al.| (2014b))). The tran-
sitioning between regimes means that it is very unlikely that the clouds in the deep convective
regime at T+12 are still deep convective clouds. However, they have all transitioned from the
deep convective regime at T+0, so the lifecycle of the regimes can be studied.

As the regime is only guaranteed at T+0, apparent diurnal cycles can be generated in regimes/locatios

where the real diurnal cycle is weak or where the frequency of occurrence of a regime is partic-
ularly low. For example, deep convective clouds found over ocean at 1330 LST are not part of a
strong diurnal cycle (Fig.[2m). The weak diurnal cycle means that we are as likely to find them
early as we are to find them late in their lifecycle. As the deep convective regime has the heavi-
est precipitation (Tab. [I)), this generates a peak in the precipitation rate at T+0 and a reduction
in precipitation rate before and after T+0 that is defined by the timescale for formation/decay
of the deep convective regime. This effect is most significant for deep convective clouds over
ocean, but also affects deep convective clouds over land when T+0 is 1030 LST (Fig. 3h).

The difference in precipitation rate between the high and low Al populations when not con-
sidering regimes or meteorological state is large (Fig. [Z,b), especially over ocean (Fig. [2j)
where there is a strong increase in precipitation with Al. At T+0, the difference in precipitation
rates is comparable to those found by |Koren et al.[(2012)), although there are some differences in
how our data is prepared (we use quartiles rather than terciles for determining high and low Al).
Without limiting the study to specific cloud regimes or accounting for the AI-CF correlation,
the high Al population has a precipitation rate almost three times the low Al population at T+0
over ocean and over land the increase is approximately 50% (Table [2).

Separating our data into cloud regimes and accounting for CF at the time of the Al retrieval
reduces the link between Al and precipitation at T+0 (Fig. [2c-p). Over ocean the difference in
precipitation between the high and low Al populations is eliminated completely in almost all of
the regimes, with only the transition and shallow cumulus regimes showing a small difference.
Over land, only the stratocumulus regime shows a significant difference in precipitation rate
between the high and low Al populations at T+0, although the difference is small (Fig. 2p).
The minimal difference in T+0 precipitation rate between the high and low Al populations is
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important, as we have not explicitly reduced it; we only minimise the difference in CF, RH
and wsgp. This emphasises the strength of the correlation between CF and precipitation rate,
suggesting that CF may act to mediate the Al-precipitation correlation in the same way as the
AOD-cloud top pressure (CTP) correlation (Gryspeerdt et al., 2014a)).

Over ocean, the regimes show similar precipitation development in both the high and low
Al populations. The deep convective regime shows little difference in mean precipitation rate
between the high and low Al populations and the thick mid-level regime (Fig. [2¢) shows only
a small increase in precipitation in the high Al population compared to the low Al population.
The stratiform regimes show slight increases in precipitation at times after the Al retrieval
(Fig. [Zc.i,0). They also show small differences in precipitation rate at T+0, although these
are much smaller than those found when not accounting for the influence of the strong AI-CF
correlation (Fig.[2h). Over land (Fig.[2[d.f,h,j,1,n,p), the differences in precipitation development
are much more striking, with all the regimes showing increased precipitation for the high Al
population after T+0 compared to the low Al population. It should be noted that although
the statistical errors are shown in Fig. [2] the variation in the precipitation rate through the day
indicates larger errors in some of the regimes, especially those with low precipitation rates and
a low RFO, such as marine stratocumulus.

At times before T+0 over land and ocean, many of the regimes show a higher rainrate from
the low Al population. This difference in pre-T+0 precipitation is also seen to a lesser extent
over land where the data is not separated by regime (Fig. [2b). A higher precipitation rate at
times before T+0 is associated with a lower retrieved Al at T+0 through wet scavenging, which
removes aerosol from the atmosphere. This generates an inverse relationship between pre-T+0
precipitation and retrieved Al at T+0.

The time of maximum precipitation and maximum difference in rainrate between the high
and low Al populations differs by regime. The deep convective regime (Fig. 2h) experiences a
maximum in precipitation rate between T+0 and T+2, whilst the thick mid-level regime shows
a maximum at around T+3/T+4 and a significant increase in precipitation at T+0 (Fig. [2f). The
stratiform regimes exhibit a maximum even later, at around T+4/T+5 (Fig.[2].p). This change in
the time of peak precipitation is due to the development of the regimes and transitions between
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them. Some of the thick mid-level clouds will transition into the deep-convective regime in
the hours after T+0, where they will have higher rainrates. The thick mid-level regime can be
considered as partially developed deep convective clouds, which only reach their peak rainrate
once they have transitioned into the deep convective regime, exhibiting a later precipitation
peak. This development is evident in the shallow cumulus regime (Fig. 2d), where the peak
precipitation rate lasts for a longer period of time and is later in the day, when some of the
shallow cumulus clouds have transitioned to the thick mid-level or deep convective regimes. As
this could be expected to take longer than the transition from thick mid-level to deep convective,
the time of peak precipitation is later. This provides a good example of how the regime based
analysis separates out clouds with different properties and at different stages of development.

Due to the timing of the diurnal cycle, many of the convective regimes observed using a T+0
of 1330 LST will have already started to develop. We gain extra information by using Terra
MODIS with a T+0 of 1030LST to further investigate the precipitation development of these
regimes (Fig. [3).

The overall patterns are very similar when using Terra Al and a T+0 of 1030LST (Fig.
compared to Aqua Al and a T+0 of 1330LST (Fig. [2). The deep convective regime over land
now shows similar features to the deep convective regime over ocean, with a peak at T+0 and a
steady buildup/decay in rain rate before and after T+0. This is due to the lack of deep convective
clouds at this stage in the diurnal cycle over land.

The most notable difference is in the thick mid-level regime over land (Fig. Bf), where a
much larger fractional increase in precipitation after T+0 is observed in the high Al population
compared to the low Al population than we see when using Aqua MODIS (T+0 at 1330 LST).
There is almost a 30% increase in the rainrate of the high Al population over the six hours
T+0—+6 compared to the low Al population, but no difference in rainrate at T+0. The increased
sensitivity of the precipitation to Al changes when using Terra MODIS compared to Aqua is due
to the diurnal cycle. Many of the deep convective regime clouds that we find when using Aqua
MODIS are developing at 1030 LST, so we find them in the thick mid-level regime. The high
Al population thick mid-level clouds are more likely to transition to the deep convective regime
over the next three hours than the low Al population (Gryspeerdt et al., 2014b). This suggests
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that for observing convective systems, 1030 LST has advantages for use as T+0, as it catches
the systems as they are developing, rather than when they are already in the deep convective
regime. However, it does not allow the investigation of developed deep convective regimes due
to a low deep convective regime relative frequency of occurrence (RFO) at 1030 LST.

These regime based results show similarities to the results found without using regimes, but
they also illustrate the importance of accounting for regimes and the AI-CF correlation. Whilst
the restriction of CF reduces the vertical extent of the clouds (due to the strong CF-CTP relation-
ship), not accounting for this effect can result in an overestimation of the influence of aerosols
on CF by at least a factor of two (Gryspeerdt et al., 2014b). Investigating the development of
the regimes reduces the effect of CF on the Al retrieval, whilst allowing an aerosol influence on
cloud vertical development.

3.2 Regional variations

As the majority of the precipitation increase with Al occurs in the 6hrs following the aerosol
retrieval, we examine the mean rainrate across the period T+0—+6 to investigate regional vari-
ations in precipitation development. Due to the sparse nature of the data in some regimes, we
average over 5° by 5° regions (Figure d)). For the rest of this work, we use only Aqua MODIS
to provide the cloud and aerosol properties, giving a T+0 of 1330 LST. This enables us to study
both developing and developed deep convective clouds over land, which is not possible when
using Terra MODIS.

The difference in the regime behaviour is clear, and there are also clear regional variations
over the six hour window (Fig. ). The shallow cumulus regime shows an increase in T+0—+6
precipitation (mean precipitation rate between T+0 and T+6) for the high Al population over
almost all the continental regions (Fig. ). Also notable is the small decrease in mean precip-
itation over the Arabian Sea and South China Sea for the high Al population. This decrease in
precipitation is confined to the region close to land in the Indian Ocean and West Pacific, with
increases in precipitation being observed in the East Pacific and Southern Indian Ocean. There
are some anomalous decreases in precipitation with increasing Al in the middle of the Pacific
Ocean, which is most obvious in the shallow cumulus regime. These are due to an uncertainty
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in the Aqua overpass time around the international dateline when using level 3 MODIS data.

There is less data from the convective regimes, making determination of any regional patterns
difficult (Fig. @b,f). Although both the thick mid-level (Fig. dp) and deep convective regimes
(Fig.4f) show some significant increases in mean precipitation over land. Over ocean the results
are too noisy to determine the magnitude or sign of any regional effect.

Repeating this analysis over the period T-9—-3 (Fig.[5), we see the expected wet scavenging
relationship, with higher mean precipitation rates in the low Al population. Although many
regions show that the high Al population experienced stronger precipitation over the period
T-9—-3, some regions (typically in locations with a low mean Al) show the opposite effect.
This may indicate wet scavenging of aerosol is less effective or that a different process, such as
an increase in liquid water path in high aerosol environments, is important in these clean, low
precipitation rate regions.

The difference in mean shallow cumulus precipitation rate over the period T+0—+6 between
the high and low Al populations shows regional differences (Fig. f). In general, precipitation
increases with increased Al are observed over the ocean. However, in Northern Indian Ocean
and the East China Sea, decreases in precipitation with increasing Al are observed over the
T+0—+6 period (Figure[Th).

Over ocean, the difference in precipitation between the high and low Al populations over the
T+0—+6 period is negatively correlated to the mean Al (Fig. [6] r=-0.25). This negative cor-
relation indicates that different processes become important as aerosol concentrations increase,
suppressing precipitation at very high concentrations. As this correlation is stronger the corre-
lation with mean precipitation rate (r =-0.02), this suggests that the change in precipitation rate
over the T+0—+6 period is not only as result of meteorological covariations.

In contrast, the difference in mean T-9—-3 precipitation between the high and low Al popu-
lations is strongly correlated to the mean precipitation rate (r=-0.5, not shown). This suggests
that the strength of the relationship between Al and T-9—-3 precipitation rate is controlled
by meteorological factors, as would be expected if wet scavenging was the primary process
involved.
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3.3 Warm and mixed phase clouds

While they depend on CTP, the regimes used in this work do not explicitly separate warm and
mixed phase clouds. However, many hypothesised effects of aerosols on precipitation depend
on whether the clouds include ice phase hydrometeors. We separate out clouds with tops colder
than 273 K using the ISCCP D1 cloud top temperature retrieval (Rossow and Schitfer, [1999).
This is provided on a 3hr timestep, synchronised with the 3B42 precipitation retrievals. Unlike
the regime, which is determined only at T+0, we ensure that the cloud top temperature is above
273 K for all the precipitation retrievals at all time offsets in the warm case.

Plotting the precipitation development for each regime, both before and after the Al retrieval
(Fig. [2), shows an increase in precipitation after the Al retrieval for the high AI population
compared to the low Al population. When repeated using only clouds with tops warmer than
273K (Fig.[7), we find a much smaller difference in precipitation development between the
high and low AI populations. These warm clouds also have a much smaller precipitation rate
compared to the mixed-phase and ice clouds. Clouds with mean cloud top temperatures warmer
than 273 K contribute about 60% of the total retrievals we use, but only 10% of the total retrieved
precipitation.

In the warm clouds, the wet scavenging effect (lower rainrate in the high AI population
before T+0) is not so clear (Fig. [7), although it is visible over land in certain regimes. It is
likely that this effect is stronger over land due to the larger Al variance. This indicates that
the precipitation from these warm clouds is still removing aerosol from the atmosphere and
that the wet scavenging effect exists even when the clouds are ice-free. The reduction of the
wet scavenging effect when compared to the ‘all-data’ case (no separation between warm and
mixed/ice phase clouds Fig. [2) is most likely due to the lower overall precipitation rate in the
warm clouds.

At times after T+0 in the warm clouds (Fig.[7)), some regimes do show an increase in retrieved
precipitation. This increase is observed in the shallow cumulus and transition regimes. As the
TRMM 3B42 product may not be able to accurately retrieve very light rain, the occurrence of
this difference in precipitation after T+0 in the warm clouds may indicate an increase in cloud
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liquid water, rather than a precipitation increase. It is also possible that using the 1° mean CTT
does not completely screen mixed phase clouds and that this increase is caused by some mixed
phase clouds being included in the sample of warm clouds. We should also note that although
an aerosol suppression of precipitation has been observed at high AODs (eg. |[Lebsock et al.,
2008; IL"Ecuyer et al., 2009), we do not expect to see it here, as the suppression process mainly
impacts light rain, which the TRMM 3B42 product is less sensitive to.

In the mixed/ice phase case (Fig.[§), the development of the precipitation is very much like
the ‘all-data’ case (Fig. [2), with increased precipitation at times after T+0 with increasing Al
in many of the regimes, especially over land. This is most likely due to the larger precipitation
rate in the clouds with tops colder 273 K, which generate the majority (almost 90%) of the
precipitation observed in the ‘all-data’ case (Fig. [2).

Restricting the cloud top temperature restricts the vertical development of the cloud, and
prevents the warm clouds growing into higher precipitation rate regimes. The small differences
in precipitation rate for the warm clouds (where vertical development is restricted) suggest
that the growth into these more highly precipitating regimes is important for generating the
difference in precipitation rate between the high and low Al populations. It also suggests that
ice processes are likely to be important in an invigoration effect, as we only observe the increase
in precipitation for the high Al population compared to the low Al population when clouds tops
are allowed to ascend above the freezing level.

3.4 Instrument effects

It is possible that the changes in precipitation development we have observed are due to limits in
the precipitation retrieval. Whilst the 3B42 retrieval includes data from the TRMM precipitation
radar, the majority of retrievals are performed using microwave radiometers and IR geostation-
ary satellites (Huffman et al., 2007). These retrievals make assumptions about the properties of
the clouds which may not hold in different aerosol environments, especially if there is a change
in cloud properties. The "HQ’ product from the TRMM 3B42 version 7 dataset provides the
non gauge-corrected merged microwave-only retrieval, without the IR precipitation retrieval
combined. We use this to investigate of the role of the IR precipitation retrieval.
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We find that the results are very similar to those including the geostationary IR products
(see S.I.). There are a number of small differences; the spike in precipitation rates at T-2 (ap-
proximately midday) in the anvil cirrus over ocean regime would appear to be due to the IR
precipitation retrieval. The difference in precipitation between the high and low Al populations
for the marine stratocumulus is also reduced. Finding similar correlations between aerosol and
precipitation properties when using the HQ product suggests that the IR retrieval is not the cause
of our main results.

We also make use of lightning flash counts from the Lightning Imaging Sensor (LIS) on-
board TRMM to provide an independent measure of convective activity, via an increase in flash
rate. We treat the LIS flash counts in the same fashion as the 3B42 precipitation data, resulting
in a diurnal cycle of flash rates for the high and low Al quartiles in each regime, over both land
and ocean (Fig.[9).

There is a large difference between the oceanic and continental flash rates (Fig. [9), with flash
rates over land being up to ten times larger than over ocean for the same regime. This is believed
to be due to an increased vigour of convection over land (Zipser, [1994). The peak flash rates
in the regimes over land are consistent with the expectation of convective activity within the
regimes. The deep convective regime exhibits the largest peak flash rates; the other regimes
have similar peak flash rates, with the thick mid-level and anvil cirrus regimes having slightly
higher flash rates than the other regimes.

The diurnal cycle in flash rate over land is much stronger than that observed over ocean. We
find increases in the flash rate for the high Al populations compared to the low Al population
after T+0, especially over land. This is similar to the increases in precipitation seen in the high
Al population after T+0. In the shallow cumulus regime (Fig.[9p), we find a strong increase in
the flash rate between T+1 and T+6, with very little difference at T+0. In many of the other
regimes, especially over ocean, there is not enough data to draw any significant conclusions
about the relationship between Al and the lightning flash rate.

Over both land and ocean, we find little difference between the flash rates of the high and
low Al population before T+0. This is most likely due to a combination of the lack of data
from these regimes and the influence of the diurnal cycle. Low flash rates in the morning (T-
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6 to T+0) over land are due to the lack of convective activity (Liu and Zipser, |2008). The
small influence of lightning on Al likely also plays a role, as unlike preciptation, lightning does
not directly remove aerosol from the atmosphere and so might not be expected to generate a
wet-scavenging relationship. Combining this with the sparse nature of lightning flashes makes
observing any wet scavenging-like effect very difficult. The significant increase in flash rate for
the shallow cumulus regime (Fig.[9p) over land in the high Al population would suggest that the
increase in precipitation observed using 3B42 is not due to errors in the precipitation retrieval
resulting from the aerosol environment.

4 Discussion

Our results appear to show an increase in precipitation with increasing Al that is not due to
the strong AI-CF correlation. There are several possible factors that could be generating the
observed results. These can be classified into one of three main types. Firstly, the precipita-
tion retrievals may not be reliable in regions of high aerosol, where the assumptions about the
cloud and precipitation properties used in the precipitation retrieval may no longer be valid (eg.
Austin, [1987)). Secondly, it is possible that the Al retrieval is not a good proxy for CCN in cer-
tain conditions. Sampling issues due to the inability of satellites to retrieve Al in cloud covered
locations may also play a role, especially in precipitating scenes. Finally, type two meteorolog-
ical covariations (Gryspeerdt et al., 2014b) resulting in a change of CCN (and Al) along with a
change in cloud and precipitation properties could possibly generate the observed relationships
without an aerosol effect on precipitation. Each of these possibilities is considered in turn in the
following section.

4.1 Precipitation retrieval errors

Areal precipitation is a notoriously hard quantity to measure, even using surface instruments.
While the random errors in the precipitation retrieval may be large, these are reduced by using
a large quantity of data. However, possible systematic errors as a function of aerosol could still
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be generating our results. The apparent wet scavenging effect at times before T+0 provides a
possible mechanism for generating systematic errors, especially over land.

Microwave retrievals over land are sensitive to the surface emission properties, which them-
selves are dependent on soil moisture (Rao et al., [1987; |Greenwald et al.l |1997). For a given
atmospheric profile, a high soil moisture results in a lower brightness temperature and so, if
unaccounted for, higher retrieved precipitation. Due to the wet scavenging of aerosol, the Al
retrieval is correlated to precipitation intensity before T+0. As such, Al might also be an indi-
cator of soil moisture and so perhaps an indicator of errors in the precipitation retrieval due to
soil moisture.

There are also possible errors in the precipitation retrieval due to the physical basis of the
retrievals. Microwave retrievals are known to have difficulty in separating precipitation from
cloud water, such that a decrease in precipitation (if it results in an increase in cloud water) may
be seen as an increase in precipitation (eg. Berg et al 2006). Over land, passive microwave
retrievals often have a strong reliance on scattering channels, which have a strong sensitivity to
the cloud ice content (Bauer et al., 2005). A possible aerosol influence on anvil clouds related
to convective systems (Koren et al., 2010) could increase the amount of cloud ice, increasing
the retrieved precipitation without changing the surface precipitation.

By comparing the precipitation development results from the 3B42 product (Fig. 2) with
the flash rates from the TRMM LIS (Fig. [9) and the reflectivity results from the TRMM PR
(see S.I.), we are able to investigate different measurements of precipitation and convective
activity, reducing the likelihood that our results are due to precipitation retrieval errors. There
is some variation in the results using the different observational tools, although they all show
an increase in precipitation/reflectivity/flash rate for the high Al population at times after T+0,
especially over land. This increases our confidence that our results are due to an increase in
precipitation in high Al environments rather than a change in cloud properties resulting in a
larger retrieved precipitation rate. Previous studies have also shown increased transitions into
the deep convective regime at high Al, providing further supporting evidence to the aerosol
invigoration hypothesis (Gryspeerdt et al., 2014b).

The observation of wet scavenging at times before T+0 also provides further evidence that
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our results are due to a change in precipitation rather than cloud properties. Cloud properties
themselves do not influence the Al as strongly as precipitation and so they are not expected
to generate a relationship before T+0 similar to the wet scavenging relationship seen in the
precipitation development plots (Fig. [2). The TRMM LIS flash rate provides an example of
this, where there is no difference in flash rate between the high and low Al populations before
T+0 (Fig. [9). As the wet scavenging relationship is only observed when using the precipitation
retrieval, this increases our confidence in the ability of the retrieval to determine the precipitation
rate. This in turn increases our confidence that the increase in retrieved precipitaiton for the high
Al population compared to the low Al population is due to a change in precipitation rather than
cloud properties.

It is important to note the reliance of both the radar and the passive microwave retrievals on
assumed droplet size distributions. As aerosols are thought to modify the droplet size distribu-
tion, increasing the size of precipitation droplets in convective storms (Rosenfeld and Ulbrich|
2003). In this case, even if the radar and passive microwave results agree on a change in precipi-
tation, we are not able to completely distinguish a change in preciptation rate from an increase in
droplet size. However, we might expect an aerosol influence on droplet size to exist both before
and after T+0. The observation of wet scavenging before T+0 suggests that the precipitation
retrieval is actually retrieving a change in surface precipitation. Although this is not conclusive,
it provides supporting evidence of a change in precipitation rate rather than a change in droplet
size.

4.2 Aerosol retrieval errors

Systematic errors in the aerosol retrieval may also result in spurious correlations between pre-
cipitation and satellite retrieved aerosol properties (type one meteorological errors). Previous
studies have suggested that the Al may be more closely related to the CCN concentration than
AOD (Nakajima et al., 2001). However, the strong correlation with CF still suggests that other
effects, such as humid swelling (eg.|Quaas et al.,[2010), are important controlling factors on the
Al retrieval.

Whilst Al is not perfectly correlated to CCN, using it to select the highest and the lowest
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quartiles of CCN should be possible, especially in polluted regions where there is a large vari-
ance in CCN concentration. In very clean regions, where there is little difference between high
and low Al, its ability to separate out high and low CCN may be compromised. In these clean
regions, humid swelling or other meteorological effects may be generating the majority of the
difference between high and low retrieved Al If so, then we may be observing a correlation
between precipitation and CF rather than precipitation and Al in these clean regions.

Fig.[10]shows AI-CF correlation as a function of local mean Al This provides a measure of
how much of the variance in CF is correlated to Al variations. If the correlation approaches one,
then our method of accounting for the CF influence on Al becomes invalid, as we cannot distin-
guish fluctuations in Al from fluctuations in CF. As we see here, although there is an increase
in the correlation at smaller mean Al, only in a few rare cases is it close to one. This suggests
that the retrieved Al is not completely correlated to CF, even in very clean regions. Whilst other
meteorological variables almost certainly play a role, it does suggest that even in these clean
regions, retrieved Al is still able to distinguish between high and low CCN concentrations.

Observations of increased cloud top height with increasing CCN over land using in-situ
aerosol measurements (Li et all [2011]), suggest that aerosol retrieval errors are not the pri-
mary reason for the observed correlations. Repeated analysis using the AATSR GlobAerosol
product (see S.I.) show similar results to those seen when using the MODIS, suggesting that
our results are not due to the particular details of the aerosol retrieval.

4.3 Meteorological covariation

Even with perfect CCN and precipitation retrievals, type two meteorological covariations (Gryspeerdt

et al.l [2014b) could still be causing the observed effects. When considering precipitation, wet
scavenging is also an important consideration and can result in correlations between aerosol
and cloud properties (Grandey et al.,2013). We have considered the development of important
ECMWF ERA-Interim variables as a function of Al, finding little evidence to support a meteo-
rological effect as the cause of the observed relationships (see S.I.). However, there is still the
possibility of meteorological influences on our results.

Over both land and ocean, we find an increase in precipitation for times after T+0 in the
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high AI population compared to the low Al population. The regions where we find decreases
in precipitation with increasing Al over ocean, are regions where biomass burning is a strong
contributor to the total aerosol. It would be reasonable to suggest that fires are suppressed
when there is high precipitation, so this might generate a negative correlation between aerosol
and precipitation. Regime—based analysis may help to reduce these errors, by selecting clouds
with similar properties at T+0 (indicative of similar atmospheric conditions), but the only way
to completely determine the influence of these effects is by using a control sample, perhaps
demanding the use of a model.

Our results suggest that the change in precipitation with increasing Al is not solely due to
meteorological covariation. If high Al is an indicator of drier atmospheric conditions, we should
find a decrease in precipitation for the high Al population at times after T+0. Whilst we see a
decrease in precipitation with increasing Al in regions of high mean Al over ocean, we do not
see the same effect over land. This would suggest that a precipitation influence on emission is
not the primary cause of our results.

Recent work has suggested that precipitation in the afternoon is more common over drier
soils, in contrast to the naive expectation (Taylor et al., 2012). As high Al is correlated to lower
morning precipitation due to the wet scavenging effect, this might indicate a drier surface and so
a higher likelihood of afternoon precipitation. Lower morning precipitation may also indicate a
slight shift in the diurnal cycle, picking out situations where the precipitation rate peaks later.
These effects are unlikely to be the cause of our results, as previous studies suggest that the
temporal auto-correlation in precipitation rates would cause a location with higher precipitation
before T+0 to be more likely to show a high precipitation after T+0 (Lee et al., 2013). This is
opposite to our results.

5 Conclusions

In this paper, we have expanded on work studying the temporal development of cloud regimes
(Gryspeerdt et al., 2014b), investigating the development of precipitation in these cloud regimes.
We separated our data into cloud regimes, and then defined high and low aerosol within these
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regimes by making use of the MODIS Al To account for CF influences on the Al retrieval, we
ensure that for each regime, both the high and low Al populations have the same CF distribution
at the time of the Al retrieval. Whilst this will remove any aerosol effect on CF at the time of the
Al retrieval, these effects are thought to be small in comparison to meteorological covariations
(Quaas et al., 2010).

To investigate the effects of aerosol on precipitation, we study the temporal evolution of the
satellite retrieved precipitation rate. We find an increase in precipitation for the high Al popula-
tion after T+0 in the majority of regimes over land. This increase in precipitation is consistent
with the hypothesised aerosol invigoration effect in convective clouds. At times before the
aerosol retrieval we find a higher precipitation rate in the low Al population, consistent with the
wet scavenging of aerosols. These effects are smaller over ocean, possibly due to the smaller
variance in Al.

Over both ocean and land, there is very little difference in precipitation between the low and
high AI populations at the time of the aerosol retrieval. This is in contrast to previous work
where a strong correlation between Al and precipitation was observed at the time of the aerosol
retrieval (Koren et al.l [2012) and is likely due to our accounting for the AI-CF correlation.
The small difference in the precipitation rate at T+0 emphasises the strong correlation between
CF and precipitation, which would lead to a strong Al-precipitation correlation via the method
demonstrated in Gryspeerdt et al.|(2014a)) if the AI-CF correlation is not accounted for.

The observed increase in precipitation for the 6 hours after the Al retrieval varies by region.
In the shallow cumulus regime, an increase in precipitation is found with increasing Al in many
regions. However, in regions over ocean with a very high mean Al, a decrease in precipitation is
found with increasing Al. This indicates an aerosol suppression of precipitation at very high Al
(eg.|Rosenfeld et al.| 2008)), similar to a decrease in CF previously found at high AOD (Koren
et al., 2008)).

The change in precipitation development also depends on cloud top temperature, with the
effect being much stronger in clouds with tops colder than 273 K. This may be due to the
increased precipitation in these colder clouds, although it might support the hypothesis of ice-
phase driven invigoration of convective clouds.
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Due to the possible retrieval errors in the TRMM 3B42 precipitation retrieval, other measures
of convective activity are also investigated. An increase in TRMM LIS lightning flash rate is
observed at times after T+0 in the shallow cumulus regime for the high Al population compared
to the low Al one. This suggests that the observed increase in precipitation with increasing Al
is not primarily due to precipitation retrieval errors. However, we cannot completely rule out
the possibility that changes in the precipitation droplet size distribution are responsible for our
results.

Whilst it is possible that our observed results are due to either systematic biases in the aerosol
or precipitation retrievals, or that they are the product of remaining meteorological covariation,
we have accounted for the largest known meteorological covariations in this study. This work
provides a new picture of how precipitation might vary in response to aerosol perturbations.
Accounting for some of the larger known errors reduces the apparent influence of aerosols
on precipitation, but the results presented in this study are consistent with an invigoration of
precipitation from convective clouds in the presence of higher aerosol concentrations.
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Table 1. Cloud regimes used in this study, from |Gryspeerdt and Stier| (2012). The mean GPCP rainrate
(Huffman et al.,2009) and the initial height used for the HYSPLIT trajectory analysis are also included.

Regime Albedo (%) CTP (hPa) CF (%) Rain(mmd~!) 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
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Table 2. The mean total TRMM 3B42 merged precipitation (mm) for the six hours following T+0 for
the years 2003-2007. These are the mean precipitation rates over the period T+0—+6 for each of the
sub-figures in Fig.

Ocean (mm day 1) Land (mm day 1)
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 104 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
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Fig. 1. a) The annual mean MODIS aerosol index (Al) in the region studied (30°N-30°S) for the years
2005-2007. b) The annual mean TRMM 3B42 merged precipitation rate in the same region. c) The
difference in TRMM 3B42 precipitation rate between days in the highest Al quartile and days in the
lowest Al quartile, with red indicating an increase in precipitation at high AI (based on Koren et al.
(2012))
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Fig. 2. Mean precipitation rainrates at times before and after the Aqua MODIS aerosol and cloud retrieval
at T+0 (1330LST) 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 AI-CF relationship are
not accounted for. These plots are created from MODIS L3 cloud and aerosol data and TRMM 3B42 3hr
merged precipitation data over the five years 2003-2007. Numerical values for the mean precipitation
between T+0—+6 are given in Table 2]
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a) Shallow Cumulus b) Thick Mid Level
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Fig. 4. The difference in mean precipitation between the high and low Al populations from T+0 to
T+6 using Aqua MODIS (T+0 at 1330LST) for each regime, averaged over 5° by 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 S.I.).
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Fig. 5. Mean precipitation difference between the high and low Al populations from T-9 to T-3 (T+0
at 1330LST) over the period 2003-2009. Red indicates an increase in precipitation at high Al Crosses

indicate 95% statistical significance.
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Fig. 6. The dependence of the mean precipitation rate over the period T+0—+6 on local mean Al for
oceanic (blue dots) and continental (red crosses) shallow cumulus. The change in precipitation points
are taken from figure E}a The straight lines are linear regressions over land (red) and ocean (blue)
respectively.
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Fig. 9. The difference in TRMM LIS flash rate for the high and low AI populations for the study region
(30°N —30°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.
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Fig. 10. Joint histogram of the AI-CF correlation in the study region as a function of local mean Al,
using Terra MODIS data at 1° by 1° resolution over the period 2003-2011. The histogram is normalised

by the maximum frequency of occurrence.
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