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Abstract

This study demonstrates the feasibility of using 89 @Hvanced Microwave Scanning
Radiometer EOS(AMSR-E) passive microwave brightness temperature data to detedtyheav
drizzling cells within marine stratocumulus. A drizzpgoxy product is described that can be

used to determine areal and feature statistics of drizzle cells within the major marine
stratocumulus regions. Current satelpteducts capable of detecting drizale either laking in
resolution (AMSRE LWP) or diurnal coverage (MODIS LWP). Using hiffequency passive
microwave observations to detekizzling marine stratocumulysermitsconsistent observations
at resolutions sufficient for resolving individual hésndrizzling cells. Radiant emissioat 89

GHz by liquid cloud and precipitatiofrom drizzlingcells in marine stratocumulus regions

yields local maxima in brightness temperatagainst the background ocean brightness
temperatureOne drizzle pixels are identifietblob" detection algorithms are used to group
connected pixels intdiscrete drizzle cellsThe identified drizzle cells are used in turn to
determine several spatial statistics for each satellite scene including drizzle cell number and size
distribution The identification of drizzle cells within marine stratocumulus regions with satellite
data will permit analysis of seasonal and regional drizzle cell occurrence and the interrelation

between drizzle and changes in cloud fraction.

1. Introduction

Marine stratocumulus clouds cover vast regions of the eastern subtropical ogeansol sea
surface temperatures (SSAnd play a significant role in moderating the climate. These low,
persistent, liquibhase clouds exert a net cooling effect by reflectirgelguantities of

incoming solar radiation back into space. The large spatial extent and high albedo of these cloud

decks contribute to their signifi(daagmannetabo!l i ng
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1992. Radiative characteristics of nr@e stratocumulus are closely tied to cloud fraction. Cloud
albedo differs dramatically between regions of continuous unbroken cloud versus regions with
mesoscale pockets of open céfsevens et aR005. Observational and modeling studies have
implicated drizzle in the formation of pockets of open cells within the closed cell cloud deck
(Stevens et aR005; van Zaten and Stevens 2005; Comstock et al. 2007; Skwic and

Stevens 2008; Wang and Feindj@D09. These studies and more recent observations suggest

that drizzle is a necessary but not sufficient condition for the formation of pockets of open cells.

The spatial and temporal distributions of drizzle within marine stratocumulus clouds are hence
key parameters of interest. For the purposes of this paper, we focus on drizzle cells with radar
reflectivity > 0 dBZ an dn?toiregpondidg tavlaetseset op a t h
drizzle features within marine stratocumulus with sufficiently gednzzle that precipitation
usuallyreaches the surface. Ittlee more intensdrizzle cells thahave beemmplicatedas

having a key role itransitions between closed and open cellular mesoscale cloud structures

(Stevens et al. 2005; Comstock et @02, Wood et al. 201).

The goal of this study is to demonstrate the feasibility of using 89Askanced Microwave
Scanning RadiometelEOS(AMSR-E) passive microwave brightness temperature data to detect
heavly drizzling cells withinmarine stratocumus. A drizzleproxy product is described that

can be used to determine areal and feature statistics of drizzle cells within the major marine
stratocumulus regions. The meyar (since 2002) AMSIE data sefKawanishi et al. 2003s

now sufficiently lage to provide an opportunity to examine the regional drizzle precipitation
climatology in the context of inteannual variabilityFor the purposes and context of this paper,

cloud water path and liquid water path are used interchangeably.

(L
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A new method t@locument drizzle cell occurrence within marine stratocumulus clouds is needed
to supplement existing observations, each of which has limitations. The key limitation of the
MODIS Cloud Water Path produging et al. 2003 for the detection of drizzle celis that it is

not available at night. While drizzle does occur in marine stratocumulus regions during daylight
hours, more frequent and intense marine stratocumulus drizzle typically occurs at night when
LWP values are highéBretherton et al. 2004£omgock et al. 2005; Sharon et al. 200Any

method attempting to ascertain the regional characteristics of drizzle while excluding nighttime
drizzle would miss the mode of the drizzle cell distribution and hence would not produce a
robust representation cégional drizzle characteristics. Current passive microwave LWP
products(Wentz and Meisner 2000; Kida et al. 2D@%e at too coarse a spatial resolution to
adequately resolve small and intense drizzle cells which are typiea0Oykin in horizontal

dimension. 89 GHz passive microwave brightness temperature data are available at resolutions
fine enough to detect individual drizzle cells. The CloudSat r@&taphens et al. 2002; Haynes

and Stephens 2007; Stephens et al. 2BA8 a minimum sensitivity 628 dBZ and provides
information on the vertical structure-gj of clouds. For observing marine stratocumulus, cloud

top heights and the profile of reflectivity are important physical constraints for cohiegrated
passive microwave data. However,GloBat 6 s swath width of 1.4 km
information on the horizontal {x) mesoscale organization of drizzle. The Tropical Rainfall
Measuring Mission Satelliteds Precipitation

only detecthe very strongest drizzle celKummerow et al. 1998

In the following sections, we describe a method for detecting drizzle cells with=120Bg m

and size> 6 kmx 4 km. Although this method identifies only the subsétedvily drizzling

R
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cells(deSzoeke et al. 201,04t is an important step in mapping the global occurrence of drizzle

within marine stratocumulus and its interrelations with changes in cloud fraction.

2. Methodology

Work with groundbased, upwartboking radiometers has shown eosig signal in 90 GHz
observations from cloud liquid watéCrewell and bhnert 2003. In the absence of ice, satellite
downwardlooking 89 GHz brightness temperatures are the net result of cohiegnated
emission and scattering of upwelling radiationtihg ocearsurface, water vapor, and liquid
hydrometeors. The variances in observed brightness temperature are primarily a function of: the
background oceasurface emission (primarily related$&Tand wind speed), gas absorption,
water vapor profile, dudfraction beamfilling, and liquid water path including cloud and
precipitable watefWestwater et al. 2001; Crewell andHnert 2003; Horvath and Gentemann
2007; Greenwald et al. 2007; Greenwald 20Q¥ these sources of emission, we expect that
predpitation LWP will have the largest variance at spatial sdakestharb0 km within marine

stratocumulus.

Areas of high liquid water path related to drizzling cloud appear as local maxima in the-EMSR
89 GHz brightness temperature data when no iceegept. Inversiotiopped boundary layers in

the subtropical regions constrain marine stratocumulus cloud tops to well below the 0°C level,
precluding the existence of ice and making these clouds a prime candidate for the exploitation of
89 GHz data for aigh resolution drizzle identification technique. Figandustrates the

advantage of the higher spatial resolution AMSRevel 2 89 GHz brightness temperatures (6 x

4 km) compared to AMSIE Level 2 Liquid Water Path (12 km resolution) which is based

primarily on 37 GHz brightness temperatures (10 x 14 (ifgntz and Meissner 2000, 2004



99 Areas of drizzle detected by the NOAA Ship Ronald H. Browme@d radar (minimum
100 detection threshold a0 dBZ) are cl osatutey al i gn
101 observed by AMSHE 89 GHz. These drizzle cells are present in the ANESRquid Water
102 Path product but are less well resolved. The MODIS Cloud Water Path data, which are based on

103 1 km VIS/IR data, most closely corresponds to the 500 m resolutlman@ radar data.

104 We use MODIS cloud top temperature data, AMSR9H GHz brightness temperature data,

105 and AMSRE SST data to determine a background emissivity value and to identify small drizzle
106 cells against that background. MODIS cloud top temperatugseatta taken from the

107 MYDO06_L2 product(King et al. 2003 AMSR-E 89H brightness temperature data are taken

108 from the AMSRE L2A Brightness Temperature prod8shcroft and Wentz 2006and

109 AMSR-E SST data are taken from the AMER_2 Ocean version 6 prodi(Wentz and

110 Meissner 2004 All non-brightness temperature data fields undergo linear interpolation to match
111 the pixel centers of the 89 GHz brightness temperature Taampact of this interpolation

112  should be minimalSST is not strongly variabltt h e  &daleok 8@ GHz brightness

113 temperature pixeldnterpolation of theviODIS cloud top temperature dataaisin to spatial

114 averaging since the data is a much finer resolution than the 89 GHz brightness temperature data
115 Spatial averagingf morefine-scale data to match more coarse data is standard practice in most

116 research studies using mixegsolution data.

117 2.1 Background Emissvity

118 SST and surface wind can be used to estimate microwave emission from an ocean surface. To
119 make a quantitative estate of LWP, SST and wind data need to tightly constrain a value of

120 background 89 GHz brightness temperature for use as a reference in determining the magnitude

121 of the brightness temperature maxima created by drizzle cells. SST arsliriaee wind speed

6
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data were paired with 89 GHz AMSR brightness temperature data for clsly instances to
examine the extent they couwdnstrainthe background emissivity at 89 GHz. Wind data are
taken fromthe AMSRE L2 Ocean version 6 produgV/entz and Meissner 20Pp4As is

illustrated in Figurea, there is a wide spread of 89 GHz brightness temperature values for any
given SST, particularly for SSTs between 20° C and 30° C. Wind speed alone is not enough to
account for this variabilityFigure 2bcd) This wide joirt-variability of SST, neasurface wind,

and 89 GHz brightness temperature for clineg pixels means that there is insufficient
information in pixels with clouds to constrain a quantitative estimate of LWP based on a
combination of these three variabl@ne possible source of variability is colunmbegrated

water vapor. It is also possible that different combinations of SST, wind, and LWP can have the
same brightness temperature value. Our method of identifying drizzle cells focuses on local
maxima in ® GHz brightness temperature (i.e. spatial feature detection) rathestdtian
thresholdvalues We produce a binary drizzle identification product as opposed to a quantitative

product.

Field observations have not noted a strong variability in-gedece wind speed in marine
stratocumulus regions. Since the analysis illustrated FRydegnonstrated that neaurface

wind speediatado notmarkedlyimprove the estimate of microwave emission from theonce

wind data are not used toentify drizzling maine stratocumulus. The difference between the

SST and the 89 GHz brightness temperatuosésl as a comparison valuederntify drizzling
marine stratocumulus. We define the wvariabl
subtracted from the 89HHxZ brightness temperature in Kelvin. The additional microwave

energy emitted by drizzling marine stratocumulus means that there will be a larger difference

e
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between the 89 GHz brightness temperature and the SST as compared wiitizziong marine

stratocumulus or cloudfree areas.

2.2 ldentification of Drizzle Cells

We sidestep the complexities of quantitative LWP retrieval by calculating a doizztg based

on the difference between the 89 GHz horizontally polarized brightness temperature and the
undet yi ng SST ( T b )-E SSWestimation@Ventz and MeidS & 20Dt
conjunction with AMSRE brightness temperatur@sshcroft and Wentz 2006Based on the

ship Gband radar data obtained in the SE Pacific during the EP{C@&ustock et al. 2Tb) and
VOCALS (Wood et al. 2010ecruises, drizzle cells > 0 dBZ tend to have sharp gradients in
LWP which will aid in their identification. The horizontally polarized 89 GHz brightness
temperature channel is used in this study because it containsiksshan the verticalty

polarized channel.

Drizzling marine stratocumulus can be identificbewecpT b i s | arger than a th
Figure 3 is a scatter density plot of o@Tb ver
as having an AMSFE LWP O mn® The plot is based on data from 11 scenes for

stratocumulus regions from the northeast Pacific, the southeast Pacific, and the southeast

Atlantic. Ship Gband radareflectivity dataobtained by the NOAA ship Ronald H. Brown

during VOCALS REx (Wood et al. 2014), were used to determine the approximate

corresponding LWP and radar reflectivity of the satetlié¢ected drizzldJse of the radar data

allow for the comparison of LWP products to radanfirmed drizzlecellsAnal ysi s of @Tb
function of SST showed that the range of @Thb
functionof SSTThe ®@Tb t hreshold for dr deiredtobeg mari ne

function of SST thugnablingthe algorithm to adapt to differences in background emission.
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Hi gher SST regions use a higher oTb threshol
The threshold values chosen for the identification of drizzling marine stratocumulus as a function

of SST are denoted by the dashed grey line in Figure 3.

The complete process for identifying drizzling marine stratocumulus based on 89 GHz brightness
temperature data is summarized in Figur&éhe cloud top temperature of each pixel is screened

to ensure it is warmer than 273 K so that 1ic
value is calculated and checked to see if it is over the threshold determined as a function of SST.

| f t hvalue ce®vier the threshold, it is flagged as drizzling marine stratocumulus.

This simple method for defining drizzle was shown to perform just as well as methods based on
multiple regression techniques or methods using morphological operations to itbeatify

maxima. As the scatter density plots in FigRibustrate, sea surface temperature and winds do
not account for all the variation in clesky 89 GHz brightness temperatures so using a multiple

regression method to define drizzle is of limiteditytin this circumstance.

The identification of discrete contiguous ar
on standard algorithms used to identify contiguoesdnected or-8onnected groups of pixels

in raster data where pixel groups dsndefined based on any query returning a binary result
(Rosenfeld and Pfaltz 1966; Haralock and Shapiro 1998ure5 is a schematic illustrating the
difference between 4 and 8 pixel connectivity. Once the discreet drizzle areas are identified using
ablob detection algorithm, various statistics can be calculated including, but not limited to: cell

area, aspect ratio, and orientation as well as frequency of occurrence per unit area.

d
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3. Stratocumulus Detection Examples

Three scenes containing marineasicumulus were examined and drizzling marine

stratocumulus was identified using the algorithm described in Section 2. The areas examined are
illustrated in Figire6. Each scene was in a different marine stratocumulus region: the southeast
Pacific, the sotiheast Atlantic, and the northeast Pacifiable 2 summarizes the drizzle area for
thedifferent products in each cadéhe 89 GHz drizzle product identifies on the order of 15% to
20% more drizzle area than the AMER.WP product. Both products identiligss drizzle area

that the MODIS cloud water path product.

3.1 Southeast Pacific

Figure7 shows ceregistered 89 GHz brightness temperature data, AM2Rd MODIS LWP
data,and their corresponding drizzle fielfts an area over the southeast Pacifi@rOctober
2008. As was illustrated in Rige 1, areas of higher LWP have corresponding higher 89 GHz
brightness temperatures. Comparison of the 89 GHz based drizzle product to a field 6 EAMSR
L WP v al u ens®shOws2hat89 GHz is able to identifyore small areas of drizzle. The
absence of smaller drizzle cells in the AM&R.WP product is primarily due to the
comparativelycoarsel2 kmresolution of the AMSHE LWP product. The small drizzle features

in the 89 GHz based product correspethbletterto the small areas of high LWP values in the
MODIS LWP productThe MODIS LWP datalsoreveal very small drizzle pockets not

identified by the 89 GHz method due to beflimg.

Figure8 contains histograms of area for discrete drizzle cells for the d&aogne from the
southeast Pacific in Fige 7. Discrete drizzle areas were identified using betodnected and
8-connected techniques. The majority of the drizzle cells have areas leZ5 tkah In

comparing the histograms for the 89 GHz versus\W&R-E LWP based drizzle products, the

10
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89 GHz based produdetects moremall drizzle cellsThe 89 GHz product also detects more
drizzle overall.This highlights one of the key reasons to use an 89 GHz based drizzle product
over the existing AMSHE LWP product.The 89 GHz based product is better suited to detecting
differences and changes in the frequency of drizzle seitdler than the AMSHEE LWP spatial
resolutionof 12 km Both the AMSRE LWP product and the 89 GHz based drizzle product

underestimate drizzle area with respect to the MODIS LWP product.

Algorithms usingd-connected contiguous areateriainherently produce fewer, larger discrete
groupsas opposed to agbmected techniqusince there are more ways for pixels to be
connected to eadbtherin the former caseThiseffect is subtle but came seen in Figre8 when
comparing the lefhand 4connected data to the righand 8connected data. For the 8
connectedlata, there are fewer and larger drizzle cells as compared tectimendcted data for
either the 89 GHz or the AMSR LWP based drizzle productsigure 8 does not illustrate any
major changes in the shapes of the distributions related th¢iee of 4connectivity or 8
connectivitydue to the logarithmic-gxis scale minimizing differences that would be more
apparent on a linear scalehe logarithmic scale was chosen to better illustrate the nature of the
area distribution, particularly for larger aneglues.The difference betweenebnnected and-8
connected contiguous featudentificationtechniques decreasas the mode of the featuées
area increasesith respect to the size of a single pixghe effect is most subtle for the MODIS
LWP data sine it has pixel sizes on the order of 1 hich is much smaller than the mode of

the area

3.2 Southeast Atlantic
Satellite data from a scene with drizzle over the southeast Atlantic off the coast of Africa for 26

June 2007 are shown in kg 9. The marie stratocumulus common to this region have never

11
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been the subject of a major field observation campaign. Areas with high LWP values stand out as
local maxima in 89 GHz brightness temperature data. The 89 GHz and AMS®° based

drizzle products both detedrizzle in the same general areas. The 89 GHz based product

includes small drizzle cells that are absent from the ANESRVP based product. Comparison

of the drizzle fields to the MODIS LWP field shows that the smaller drizzle areas of the 89 GHz
productcorrespond better to the high resolutd@®DIS LWP information. There are some high,
mostly transparent, cirrus clouds in this scene with cloud top temperatusedethe criteria for

drizzle detection

3.3 Northeast Pacific

Satellite data for an areaer the northeast Pacific for 29 July 2009 that contains drazele

shown in Figire 10. This scene is a complex example with a strong SST gradieatombined
drizzle cell area in the 89 GHz productlerger tharin the AMSRE LWP product In this case
the oTb value used by the detection values
SST values are warmas explained in Section & the southern half of this scer@&9 GHz
brightness temperatures are much higher as compared to the atimgdesdVithout changing

t he o@Tb as a faneaantd numerfdoiZzlindgp&dls, wouldtbe greatly
overestimatedAs was also illustrated in the previous cases, the MODIS LWP product reveals
many fine scale drizzle areas below the resolutfdmoth the AMSRE LWP product and the 89
GHz based drizzle produdis noted in Table 1, the AMSR LWP product identifies more area

of drizzle than the 89 GHz based prodwbich is opposite to what was illustrated in the
previously examined sceneslongthe southern edge of the scene is a band denoted as drizzle in
the AMSRE LWP product. We suspect that this is a-“dozzle feature that is erroneously

contributing to the drizzle area sum.
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4. Conclusions

Drizzle has been identified as playing a key roléhe evolution of marine stratocumulus and the
transitions between closed and open cellular states. To better understand these transitions and the
role drizzle plays, a routine method of detecting drizzle cells is needed. Shizdied

observation isvell suited to the remote location of typical marine stratocumulus areas.

However, current satellite methods are either lacking in resol(ABISR-E LWP)or diurnal
coveraggMODIS LWP). Using highfrequency passive microwave observations to detect

drizzle in marine stratocumulus allows for consistent observations at resolutions sufficient for
resolving individual healy drizzling cells. Future work is planned for extending this

methodology to the TRMM microwave radiometer 85.5 GHz channel in ordept@pdata

over the fulldiurnal gscle.

Emission by precipitation liquid water from drizzle cells in marine stratocumulus regions yields

local maxima in brightness temperature in 89 GHz data. SST data can be used to help constrain a
background brightnessmperature value to which these local maxima can be compared. Once
drizzle is identified, fAblobd detection algor

calculate various spatial statistics.

Even without an accompanying quantitative estimétriazle LWP, the identification of drizzle
cells within marine stratocumulus regions with satellite data will permit analysis of seasonal and
regional drizzle cell occurren@ad the interrelation between drizzle and changes in cloud
fraction Severalkharacteristics of contiguous drizzle cell features can be documetited:

number of drizzle cells per unit area, their sizes and shape, and the distances between cells.
These properties in turn can be used as comparison metrics among the marine stragocumul

regions and will provide an avenue for evaluation of numerical model parameterizations. Use of

13
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the AMSRE 89 GHz 6 km x 4 km brightness temperatures reduces-tiiamerrors

compared to current AMSE LWP products. The drizzle proxy product basedatellite 89

GHz information represents a new approach using downlwakihg passive microwave data
that provides information on the frequency of occurrence and spatial characteristics of drizzle

with the aim of better understanding the role of drizzlinéevolution of marine stratocumulus.
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TABLES
Table 1.Summary of total drizzle areas for different products for different cases.
Case Drizzle Area (km)
Date Time (UTC) Location 89 GHz AMSR-E MODIS
27 Oct 2008 19:35 SE Pacific 15038 12543 31207
26 Jun 2007 13:05 SE Atlantic 39147 34243 57326
29 Jul 2009 22:00 NE Pacific 12955 25302 71633
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376
377  Figure 1. Detailed comparison among a) AMSRLevel 2 Liquid Water Path, b) MODIS

378 Level 2 Cloud Water Path, c) AMSR Level 2 89 GHz brightness temperature and-tpad

379 ship-borne radar data obtained at 1936 UTC on 27 October 2008 in the SE Pacific during

380 VOCALS experiment overlaid on satellite IR data. The 60 km radius range ring from the radar
381 is overlaid on each image. In order to highlight gradients in LWP, the dynamic range of the
382 color scales differ between a) and b).
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Figure 2. Scatter density plotfaceanicclearsky SST versus Level 2 AMSR 89 GHz

horizontally polarized brightness temperatures. Clear sky determination is based on 1 degree
resolution level 3 Aqua MODIS cloud fraction data where values are less than 1%. Each AMSR
E 89 GHz pixel wasissigned a cloud fraction value based on the value of the nearest MODIS
cloud fraction pixel. SST values were derived from Remote Sensing Systems 0.25 degree
Version5 AMSR-E Ocean Product. Each AMSR89 GHz pixel was assigned a SST value

based on the vaé of the nearest Remote Sensing Systems SST pixel. The color scale represents
the pixel count per bin in all casé%anel a is for the complete data clear sky data set taken from
129 randomly selected AMSR orbits. Panel b is for the subset of that datavith wind speed
values < 5 ns™. Panel c is for the subset of data betweenah°25° from the equator for both
hemispheres. Panel d is for the data subset with sgiedd values between 5 and 18
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Pixel Connectivity

4-Connected 8-Connected

407
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409 Figure 5. Schematic illustrating the difference between 4 and 8 pixels connectidtyndected
410 pixels are considered adjacent if they share one their four siGmr8cted pixels are
411 considered adjacent if they share a side or a diagonal.
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Aqua MODIS Visible - 27 Oct 2008 - 19:35 UTC Aqua MODIS Visible - 26 June 2007 - 13:05 UTC Aqua MODIS Visible - 29 July 2009 - 22:00 UTC

Figure 6. Aqua MODIS visible quicdook imagery for the areas in Figurés9, and10 from left

to right (http://modisatmos.gsfc.nasa.gov/IMAGES/index_myd021km.html). The left panel is

for the southeast Pacific on 27 Oforttheber 2008
sout heast Atlantic on 26 June 2007 at &13:05
29 July 2009 at &22: 00 UTC. The red boxes den
guestion.
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Figure 7. Drizzle information for the sonte ast Paci fi c on 27 October
Panel a iAMSR-E horizontally polarized 89 GHz brightness temperature from the L2A product.
Panel ds AMSR-E liquid water path from the L2_Ocean produranel e ishe Aqua MODIS

daytime mean cloud wateath from the MYDO6_L2 producPanel b ishe 89 GHz based

drizzle detectionPanel ds the AMSRE LWP based drizzle product where drizzle is any area

wi t h L WPmM*Parlti9thedMODIS LWP based drizzle product where drizzle is any

ar ea wi t hgri®WRe black aréa the righthand panelslenote drizzle.
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Figure 8. Histograms comparing drizzle arbased on 89 GHz drizzle prodMSR-E LWP,
and MODIS LWPfor thetime andregion show in Figur&. Theleft-handpanes arearea
histograns for 4-connected contiguous drizzeeas and the rigitand panels are for 8
connected contiguous drizzle are@ke uppepanels arg¢he area histograsfor contiguous
drizzle pockets detected using 89 GHz brightness temperature dataididie panels arthe
area histograsifor contiguous drizzle pockets defined as contiguous areas with ARMBRP
O 2¢g. The lowempanes arethe area histograstontiguoudrizzle poketsdefined as
contiguous areas witlODISL WP O g r#°0The total area identified as drizzle is given for
each product. The total area is the same fworhected and-8onnected methods.
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