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Abstract 10 

This study demonstrates the feasibility of using 89 GHz Advanced Microwave Scanning 11 

Radiometer - EOS (AMSR-E) passive microwave brightness temperature data to detect heavil y 12 

drizzling cells within marine stratocumulus. A drizzle-proxy product is described that can be 13 

used to determine areal and feature statistics of drizzle cells within the major marine 14 

stratocumulus regions. Current satellite products capable of detecting drizzle are either lacking in 15 

resolution (AMSR-E LWP) or diurnal coverage (MODIS LWP). Using high-frequency passive 16 

microwave observations to detect drizzling marine stratocumulus permits consistent observations 17 

at resolutions sufficient for resolving individual heavil y drizzling cells. Radiant emission at 89 18 

GHz by liquid cloud and precipitation from drizzling cells in marine stratocumulus regions 19 

yields local maxima in brightness temperature against the background ocean brightness 20 

temperature. One drizzle pixels are identified, "blob" detection algorithms are used to group 21 

connected pixels into discrete drizzle cells. The identified drizzle cells are used in turn to 22 

determine several spatial statistics for each satellite scene including drizzle cell number and size 23 

distribution. The identification of drizzle cells within marine stratocumulus regions with satellite 24 

data will permit analysis of seasonal and regional drizzle cell occurrence and the interrelation 25 

between drizzle and changes in cloud fraction. 26 

1. Introduction 27 

Marine stratocumulus clouds cover vast regions of the eastern subtropical oceans over cool sea 28 

surface temperatures (SST) and play a significant role in moderating the climate. These low, 29 

persistent, liquid-phase clouds exert a net cooling effect by reflecting large quantities of 30 

incoming solar radiation back into space. The large spatial extent and high albedo of these cloud 31 

decks contribute to their significant cooling effect in the earthôs radiation budget (Hartmann et al. 32 



3 

 

1992). Radiative characteristics of marine stratocumulus are closely tied to cloud fraction. Cloud 33 

albedo differs dramatically between regions of continuous unbroken cloud versus regions with 34 

mesoscale pockets of open cells (Stevens et al. 2005). Observational and modeling studies have 35 

implicated drizzle in the formation of pockets of open cells within the closed cell cloud deck 36 

(Stevens et al. 2005; van Zanten and Stevens 2005; Comstock et al. 2007; Savic-Jovic and 37 

Stevens 2008; Wang and Feingold 2009). These studies and more recent observations suggest 38 

that drizzle is a necessary but not sufficient condition for the formation of pockets of open cells. 39 

The spatial and temporal distributions of drizzle within marine stratocumulus clouds are hence 40 

key parameters of interest. For the purposes of this paper, we focus on drizzle cells with radar 41 

reflectivity > 0 dBZ and liquid water path (LWP) Ó 200 g m
-2

 corresponding to the subset of 42 

drizzle features within marine stratocumulus with sufficiently heavy drizzle that precipitation 43 

usually reaches the surface. It is the more intense drizzle cells that have been implicated as 44 

having a key role in transitions between closed and open cellular mesoscale cloud structures 45 

(Stevens et al. 2005; Comstock et al. 2007; Wood et al. 2010b). 46 

The goal of this study is to demonstrate the feasibility of using 89 GHz Advanced Microwave 47 

Scanning Radiometer - EOS (AMSR-E) passive microwave brightness temperature data to detect 48 

heavil y drizzling cells within marine stratocumulus. A drizzle-proxy product is described that 49 

can be used to determine areal and feature statistics of drizzle cells within the major marine 50 

stratocumulus regions. The multi-year (since 2002) AMSR-E data set (Kawanishi et al. 2003) is 51 

now sufficiently large to provide an opportunity to examine the regional drizzle precipitation 52 

climatology in the context of inter-annual variability. For the purposes and context of this paper, 53 

cloud water path and liquid water path are used interchangeably. 54 
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A new method to document drizzle cell occurrence within marine stratocumulus clouds is needed 55 

to supplement existing observations, each of which has limitations. The key limitation of the 56 

MODIS Cloud Water Path product (King et al. 2003) for the detection of drizzle cells is that it is 57 

not available at night. While drizzle does occur in marine stratocumulus regions during daylight 58 

hours, more frequent and intense marine stratocumulus drizzle typically occurs at night when 59 

LWP values are higher (Bretherton et al. 2004; Comstock et al. 2005; Sharon et al. 2006). Any 60 

method attempting to ascertain the regional characteristics of drizzle while excluding nighttime 61 

drizzle would miss the mode of the drizzle cell distribution and hence would not produce a 62 

robust representation of regional drizzle characteristics.  Current passive microwave LWP 63 

products (Wentz and Meisner 2000; Kida et al. 2009) are at too coarse a spatial resolution to 64 

adequately resolve small and intense drizzle cells which are typically 1-10 km in horizontal 65 

dimension. 89 GHz passive microwave brightness temperature data are available at resolutions 66 

fine enough to detect individual drizzle cells. The CloudSat radar (Stephens et al. 2002; Haynes 67 

and Stephens 2007; Stephens et al. 2008) has a minimum sensitivity of -28 dBZ and provides 68 

information on the vertical structure (x-z) of clouds. For observing marine stratocumulus, cloud 69 

top heights and the profile of reflectivity are important physical constraints for column-integrated 70 

passive microwave data. However, CloudSatôs swath width of 1.4 km is not adequate to obtain 71 

information on the horizontal (x-y) mesoscale organization of drizzle. The Tropical Rainfall 72 

Measuring Mission Satelliteôs Precipitation Radar, with its minimum sensitivity of å18 dBZ, can 73 

only detect the very strongest drizzle cells (Kummerow et al. 1998). 74 

In the following sections, we describe a method for detecting drizzle cells with LWP  200 g m
-2

 75 

and size   6 km × 4 km. Although this method identifies only the subset of heavily drizzling 76 
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cells (deSzoeke et al. 2010), it is an important step in mapping the global occurrence of drizzle 77 

within marine stratocumulus and its interrelations with changes in cloud fraction.  78 

2. Methodology 79 

Work with ground-based, upward-looking radiometers has shown a strong signal in 90 GHz 80 

observations from cloud liquid water (Crewell and Lבhnert 2003). In the absence of ice, satellite 81 

downward-looking 89 GHz brightness temperatures are the net result of column-integrated 82 

emission and scattering of upwelling radiation by the ocean-surface, water vapor, and liquid 83 

hydrometeors. The variances in observed brightness temperature are primarily a function of: the 84 

background ocean-surface emission (primarily related to SST and wind speed), gas absorption, 85 

water vapor profile, cloud fraction, beam-filling, and liquid water path including cloud and 86 

precipitable water (Westwater et al. 2001; Crewell and Lבhnert 2003; Horváth and Gentemann 87 

2007; Greenwald et al. 2007; Greenwald 2009). Of these sources of emission, we expect that 88 

precipitation LWP will have the largest variance at spatial scales less than 50 km within marine 89 

stratocumulus. 90 

Areas of high liquid water path related to drizzling cloud appear as local maxima in the AMSR-E 91 

89 GHz brightness temperature data when no ice is present.  Inversion-topped boundary layers in 92 

the subtropical regions constrain marine stratocumulus cloud tops to well below the 0°C level, 93 

precluding the existence of ice and making these clouds a prime candidate for the exploitation of 94 

89 GHz data for a high resolution drizzle identification technique.  Figure 1 illustrates the 95 

advantage of the higher spatial resolution AMSR-E Level 2 89 GHz brightness temperatures (6 × 96 

4 km) compared to AMSR-E Level 2 Liquid Water Path (12 km resolution) which is based 97 

primarily on 37 GHz brightness temperatures (10 × 14 km) (Wentz and Meissner 2000, 2004).  98 
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Areas of drizzle detected by the NOAA Ship Ronald H. Brown C-band radar (minimum 99 

detection threshold å0 dBZ) are closely aligned with clumps of higher brightness temperature 100 

observed by AMSR-E 89 GHz.  These drizzle cells are present in the AMSR-E Liquid Water 101 

Path product but are less well resolved. The MODIS Cloud Water Path data, which are based on 102 

1 km VIS/IR data, most closely corresponds to the 500 m resolution C-band radar data. 103 

We use MODIS cloud top temperature data, AMSR-E 89H GHz brightness temperature data, 104 

and AMSR-E SST data to determine a background emissivity value and to identify small drizzle 105 

cells against that background. MODIS cloud top temperature data are taken from the 106 

MYD06_L2 product (King et al. 2003), AMSR-E 89H brightness temperature data are taken 107 

from the AMSR-E L2A Brightness Temperature product (Ashcroft and Wentz 2006), and 108 

AMSR-E SST data are taken from the AMSR-E L2 Ocean version 6 product (Wentz and 109 

Meissner 2004). All non-brightness temperature data fields undergo linear interpolation to match 110 

the pixel centers of the 89 GHz brightness temperature data. The impact of this interpolation 111 

should be minimal. SST is not strongly variable at the å5 km scale of 89 GHz brightness 112 

temperature pixels. Interpolation of the MODIS cloud top temperature data is akin to spatial 113 

averaging since the data is a much finer resolution than the 89 GHz brightness temperature data. 114 

Spatial averaging of more fine-scale data to match more coarse data is standard practice in most 115 

research studies using mixed-resolution data. 116 

2.1 Background Emissivity  117 

SST and surface wind can be used to estimate microwave emission from an ocean surface. To 118 

make a quantitative estimate of LWP, SST and wind data need to tightly constrain a value of 119 

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

of the brightness temperature maxima created by drizzle cells. SST and near-surface wind speed 121 
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data were paired with 89 GHz AMSR-E brightness temperature data for clear-sky instances to 122 

examine the extent they could constrain the background emissivity at 89 GHz. Wind data are 123 

taken from the AMSR-E L2 Ocean version 6 product (Wentz and Meissner 2004). As is 124 

illustrated in Figure 2a, there is a wide spread of 89 GHz brightness temperature values for any 125 

given SST, particularly for SSTs between 20° C and 30° C. Wind speed alone is not enough to 126 

account for this variability (Figure 2bcd). This wide joint-variability of SST, near-surface wind, 127 

and 89 GHz brightness temperature for cloud-free pixels means that there is insufficient 128 

information in pixels with clouds to constrain a quantitative estimate of LWP based on a 129 

combination of these three variables. One possible source of variability is column-integrated 130 

water vapor. It is also possible that different combinations of SST, wind, and LWP can have the 131 

same brightness temperature value. Our method of identifying drizzle cells focuses on local 132 

maxima in 89 GHz brightness temperature (i.e. spatial feature detection) rather than static 133 

threshold values. We produce a binary drizzle identification product as opposed to a quantitative 134 

product. 135 

Field observations have not noted a strong variability in near-surface wind speed in marine 136 

stratocumulus regions. Since the analysis illustrated Figure 2 demonstrated that near-surface 137 

wind speed data do not markedly improve the estimate of microwave emission from the ocean, 138 

wind data are not used to identify drizzling marine stratocumulus. The difference between the 139 

SST and the 89 GHz brightness temperature is used as a comparison value to identify drizzling 140 

marine stratocumulus. We define the variable ȹTb as the sea surface temperature in Kelvin 141 

subtracted from the 89H GHz brightness temperature in Kelvin. The additional microwave 142 

energy emitted by drizzling marine stratocumulus means that there will be a larger difference 143 
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between the 89 GHz brightness temperature and the SST as compared with non-drizzling marine 144 

stratocumulus or cloud-free areas. 145 

2.2 Identification of Drizzle Cells  146 

We sidestep the complexities of quantitative LWP retrieval by calculating a drizzle-proxy based 147 

on the difference between the 89 GHz horizontally polarized brightness temperature and the 148 

underlying SST (ȹTb). We utilize AMSR-E SST estimations (Wentz and Meissner 2004) in 149 

conjunction with AMSR-E brightness temperatures (Ashcroft and Wentz 2006). Based on the 150 

ship C-band radar data obtained in the SE Pacific during the EPIC Sc (Comstock et al. 2005) and 151 

VOCALS (Wood et al. 2010a) cruises, drizzle cells > 0 dBZ tend to have sharp gradients in 152 

LWP which will aid in their identification. The horizontally polarized 89 GHz brightness 153 

temperature channel is used in this study because it contains less noise than the vertically-154 

polarized channel. 155 

Drizzling marine stratocumulus can be identified where ȹTb is larger than a threshold value. 156 

Figure 3 is a scatter density plot of ȹTb versus SST for drizzling marine stratocumulus identified 157 

as having an AMSR-E LWP Ó 200 g m
-2

. The plot is based on data from 11 scenes for 158 

stratocumulus regions from the northeast Pacific, the southeast Pacific, and the southeast 159 

Atlantic. Ship C-band radar reflectivity data, obtained by the NOAA ship Ronald H. Brown 160 

during VOCALS REx (Wood et al. 2010a), were used to determine the approximate 161 

corresponding LWP and radar reflectivity of the satellite-detected drizzle. Use of the radar data 162 

allow for the comparison of LWP products to radar-confirmed drizzle cells. Analysis of ȹTb as a 163 

function of SST showed that the range of ȹTb values for marine stratocumulus is partially a 164 

function of SST. The ȹTb threshold for drizzling marine stratocumulus was defined to be a 165 

function of SST thus enabling the algorithm to adapt to differences in background emission. 166 
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Higher SST regions use a higher ȹTb threshold for detecting drizzling marine stratocumulus. 167 

The threshold values chosen for the identification of drizzling marine stratocumulus as a function 168 

of SST are denoted by the dashed grey line in Figure 3. 169 

The complete process for identifying drizzling marine stratocumulus based on 89 GHz brightness 170 

temperature data is summarized in Figure 4. The cloud top temperature of each pixel is screened 171 

to ensure it is warmer than 273 K so that ice cloud contamination is removed. Then the ȹTb 172 

value is calculated and checked to see if it is over the threshold determined as a function of SST. 173 

If the ȹTb value is over the threshold, it is flagged as drizzling marine stratocumulus. 174 

This simple method for defining drizzle was shown to perform just as well as methods based on 175 

multiple regression techniques or methods using morphological operations to identify local 176 

maxima. As the scatter density plots in Figure 2 illustrate, sea surface temperature and winds do 177 

not account for all the variation in clear-sky 89 GHz brightness temperatures so using a multiple 178 

regression method to define drizzle is of limited utility in this circumstance. 179 

The identification of discrete contiguous areas is done using a ñblobò detection technique based 180 

on standard algorithms used to identify contiguous 4-connected or 8-connected groups of pixels 181 

in raster data where pixel groups can be defined based on any query returning a binary result 182 

(Rosenfeld and Pfaltz 1966; Haralock and Shapiro 1992). Figure 5 is a schematic illustrating the 183 

difference between 4 and 8 pixel connectivity. Once the discreet drizzle areas are identified using 184 

a blob detection algorithm, various statistics can be calculated including, but not limited to: cell 185 

area, aspect ratio, and orientation as well as frequency of occurrence per unit area. 186 
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3. Stratocumulus Detection Examples  187 

Three scenes containing marine stratocumulus were examined and drizzling marine 188 

stratocumulus was identified using the algorithm described in Section 2. The areas examined are 189 

illustrated in Figure 6. Each scene was in a different marine stratocumulus region: the southeast 190 

Pacific, the southeast Atlantic, and the northeast Pacific. Table 2 summarizes the drizzle area for 191 

the different products in each case. The 89 GHz drizzle product identifies on the order of 15% to 192 

20% more drizzle area than the AMSR-E LWP product. Both products identify less drizzle area 193 

that the MODIS cloud water path product.  194 

3.1 Southeast Pacific  195 

Figure 7 shows co-registered 89 GHz brightness temperature data, AMSR-E and MODIS LWP 196 

data, and their corresponding drizzle fields for an area over the southeast Pacific on 27 October 197 

2008. As was illustrated in Figure 1, areas of higher LWP have corresponding higher 89 GHz 198 

brightness temperatures. Comparison of the 89 GHz based drizzle product to a field of AMSR-E 199 

LWP values Ó 200 g m
-2

 shows that 89 GHz is able to identify more small areas of drizzle. The 200 

absence of smaller drizzle cells in the AMSR-E LWP product is primarily due to the 201 

comparatively coarse 12 km resolution of the AMSR-E LWP product. The small drizzle features 202 

in the 89 GHz based product corresponded better to the small areas of high LWP values in the 203 

MODIS LWP product. The MODIS LWP data also reveal very small drizzle pockets not 204 

identified by the 89 GHz method due to beam-filling.  205 

Figure 8 contains histograms of area for discrete drizzle cells for the example scene from the 206 

southeast Pacific in Figure 7. Discrete drizzle areas were identified using both 4-connected and 207 

8-connected techniques. The majority of the drizzle cells have areas less than 75 km
2
. In 208 

comparing the histograms for the 89 GHz versus the AMSR-E LWP based drizzle products, the 209 
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89 GHz based product detects more small drizzle cells. The 89 GHz product also detects more 210 

drizzle overall. This highlights one of the key reasons to use an 89 GHz based drizzle product 211 

over the existing AMSR-E LWP product. The 89 GHz based product is better suited to detecting 212 

differences and changes in the frequency of drizzle cells smaller than the AMSR-E LWP spatial 213 

resolution of 12 km. Both the AMSR-E LWP product and the 89 GHz based drizzle product 214 

underestimate drizzle area with respect to the MODIS LWP product.  215 

Algorithms using 8-connected contiguous area criteria inherently produce fewer, larger discrete 216 

groups as opposed to a 4-connected technique since there are more ways for pixels to be 217 

connected to each other in the former case. This effect is subtle but can be seen in Figure 8 when 218 

comparing the left-hand 4-connected data to the right-hand 8-connected data. For the 8-219 

connected data, there are fewer and larger drizzle cells as compared to the 4-connected data for 220 

either the 89 GHz or the AMSR-E LWP based drizzle products. Figure 8 does not illustrate any 221 

major changes in the shapes of the distributions related to the choice of 4-connectivity or 8-222 

connectivity due to the logarithmic y-axis scale minimizing differences that would be more 223 

apparent on a linear scale. The logarithmic scale was chosen to better illustrate the nature of the 224 

area distribution, particularly for larger area values. The difference between 4-connected and 8-225 

connected contiguous feature identification techniques decreases as the mode of the featuresô 226 

area increases with respect to the size of a single pixel. The effect is most subtle for the MODIS 227 

LWP data since it has pixel sizes on the order of 1 km which is much smaller than the mode of 228 

the area. 229 

3.2 Southeast Atlantic 230 

Satellite data from a scene with drizzle over the southeast Atlantic off the coast of Africa for 26 231 

June 2007 are shown in Figure 9. The marine stratocumulus common to this region have never 232 
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been the subject of a major field observation campaign. Areas with high LWP values stand out as 233 

local maxima in 89 GHz brightness temperature data. The 89 GHz and AMSR-E LWP based 234 

drizzle products both detect drizzle in the same general areas. The 89 GHz based product 235 

includes small drizzle cells that are absent from the AMSR-E LWP based product. Comparison 236 

of the drizzle fields to the MODIS LWP field shows that the smaller drizzle areas of the 89 GHz 237 

product correspond better to the high resolution MODIS LWP information. There are some high, 238 

mostly transparent, cirrus clouds in this scene with cloud top temperatures outside the criteria for 239 

drizzle detection. 240 

3.3 Northeast Pacific 241 

Satellite data for an area over the northeast Pacific for 29 July 2009 that contains drizzle are 242 

shown in Figure 10. This scene is a complex example with a strong SST gradient. The combined 243 

drizzle cell area in the 89 GHz product is larger than in the AMSR-E LWP product. In this case, 244 

the ȹTb value used by the detection values is higher than in the previous examples because the 245 

SST values are warmer as explained in Section 2. In the southern half of this scene, 89 GHz 246 

brightness temperatures are much higher as compared to the other examples. Without changing 247 

the ȹTb as a function of SST, the area and number of drizzling pixels would be greatly 248 

overestimated. As was also illustrated in the previous cases, the MODIS LWP product reveals 249 

many fine scale drizzle areas below the resolution of both the AMSR-E LWP product and the 89 250 

GHz based drizzle product. As noted in Table 1, the AMSR-E LWP product identifies more area 251 

of drizzle than the 89 GHz based product which is opposite to what was illustrated in the 252 

previously examined scenes. Along the southern edge of the scene is a band denoted as drizzle in 253 

the AMSR-E LWP product. We suspect that this is a non-drizzle feature that is erroneously 254 

contributing to the drizzle area sum. 255 
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4. Conclusions 256 

Drizzle has been identified as playing a key role in the evolution of marine stratocumulus and the 257 

transitions between closed and open cellular states. To better understand these transitions and the 258 

role drizzle plays, a routine method of detecting drizzle cells is needed. Satellite-based 259 

observation is well suited to the remote location of typical marine stratocumulus areas.  260 

However, current satellite methods are either lacking in resolution (AMSR-E LWP) or diurnal 261 

coverage (MODIS LWP). Using high-frequency passive microwave observations to detect 262 

drizzle in marine stratocumulus allows for consistent observations at resolutions sufficient for 263 

resolving individual heavil y drizzling cells. Future work is planned for extending this 264 

methodology to the TRMM microwave radiometer 85.5 GHz channel in order to provide data 265 

over the full diurnal cycle. 266 

Emission by precipitation liquid water from drizzle cells in marine stratocumulus regions yields 267 

local maxima in brightness temperature in 89 GHz data. SST data can be used to help constrain a 268 

background brightness temperature value to which these local maxima can be compared. Once 269 

drizzle is identified, ñblobò detection algorithms are used to identify discrete drizzle cells and 270 

calculate various spatial statistics. 271 

Even without an accompanying quantitative estimate of drizzle LWP, the identification of drizzle 272 

cells within marine stratocumulus regions with satellite data will permit analysis of seasonal and 273 

regional drizzle cell occurrence and the interrelation between drizzle and changes in cloud 274 

fraction. Several characteristics of contiguous drizzle cell features can be documented:--the 275 

number of drizzle cells per unit area, their sizes and shape, and the distances between cells. 276 

These properties in turn can be used as comparison metrics among the marine stratocumulus 277 

regions and will provide an avenue for evaluation of numerical model parameterizations. Use of 278 
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the AMSR-E 89 GHz 6 km × 4 km brightness temperatures reduces beam-filling errors 279 

compared to current AMSR-E LWP products. The drizzle proxy product based on satellite 89 280 

GHz information represents a new approach using downward-looking passive microwave data 281 

that provides information on the frequency of occurrence and spatial characteristics of drizzle 282 

with the aim of better understanding the role of drizzle in the evolution of marine stratocumulus.  283 
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 371 

TABLES 372 

Table 1. Summary of total drizzle areas for different products for different cases. 

Case Drizzle Area (km
2
) 

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 

 373 

  374 
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FIGURES 375 

376 
 Figure 1.  Detailed comparison among a) AMSR-E Level 2 Liquid Water Path, b) MODIS 377 

Level 2 Cloud Water Path, c) AMSR-E Level 2 89 GHz brightness temperature and d) C-band 378 

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

VOCALS experiment overlaid on satellite IR data.  The 60 km radius range ring from the radar 380 

is overlaid on each image.  In order to highlight gradients in LWP, the dynamic range of the 381 

color scales differ between a) and b).  382 
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 384 

 385 

Figure 2. Scatter density plot of oceanic clear-sky SST versus Level 2 AMSR-E 89 GHz 386 

horizontally polarized brightness temperatures. Clear sky determination is based on 1 degree 387 

resolution level 3 Aqua MODIS cloud fraction data where values are less than 1%. Each AMSR-388 

E 89 GHz pixel was assigned a cloud fraction value based on the value of the nearest MODIS 389 

cloud fraction pixel. SST values were derived from Remote Sensing Systems 0.25 degree 390 

Version-5 AMSR-E Ocean Product. Each AMSR-E 89 GHz pixel was assigned a SST value 391 

based on the value of the nearest Remote Sensing Systems SST pixel. The color scale represents 392 

the pixel count per bin in all cases. Panel a is for the complete data clear sky data set taken from 393 

129 randomly selected AMSR-E orbits. Panel b is for the subset of that data set with wind speed 394 

values < 5 m s
-1

. Panel c is for the subset of data between 15° and 25° from the equator for both 395 

hemispheres. Panel d is for the data subset with wind speed values between 5 and 10 m s
-1

. 396 

   397 
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 398 

Figure 3. Scatter density plot of 89H GHz ïSST (ȹTb) versus SST for the subset of pixels with 399 

an AMSR-E estimated LWP Ó 200 g m
-2
. The dashed grey line represents the minimum ȹTb 400 

value potential drizzling marine stratocumulus pixels must have in the 89 GHz drizzling marine 401 

stratocumulus detection algorithm. 402 
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 404 

Figure 4. Drizzling marine stratocumulus identification algorithm flow chart. CTT stands for 405 

cloud top temperature. 406 
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  408 

Figure 5. Schematic illustrating the difference between 4 and 8 pixels connectivity. 4-Connected 409 

pixels are considered adjacent if they share one their four sides. 8-Connected pixels are 410 

considered adjacent if they share a side or a diagonal. 411 
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 412 

Figure 6. Aqua MODIS visible quick-look imagery for the areas in Figures 7, 9, and 10 from left 413 

to right (http://modis-atmos.gsfc.nasa.gov/IMAGES/index_myd021km.html). The left panel is 414 

for the southeast Pacific on 27 October 2008 at å19:35 UTC. The middle panel is for the 415 

southeast Atlantic on 26 June 2007 at å13:05 UTC. The right panel is for the northeast Pacific on 416 

29 July 2009 at å22:00 UTC. The red boxes denote the areas of interest for the scenes in 417 

question.  418 



27 

 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

Figure 7. Drizzle information for the southeast Pacific on 27 October 2008 at å19:35 UTC. 427 

Panel a is AMSR-E horizontally polarized 89 GHz brightness temperature from the L2A product. 428 

Panel c is AMSR-E liquid water path from the L2_Ocean product. Panel e is the Aqua MODIS 429 

daytime mean cloud water path from the MYD06_L2 product. Panel b is the 89 GHz based 430 

drizzle detection. Panel d is the AMSR-E LWP based drizzle product where drizzle is any area 431 

with LWP Ó 200 g m
-2

. Panel f is the MODIS LWP based drizzle product where drizzle is any 432 

area with LWP Ó 200 g m
-2

. The black areas in the right-hand panels denote drizzle.  433 
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 437 

 438 

Figure 8. Histograms comparing drizzle area based on 89 GHz drizzle proxy, AMSR-E LWP, 439 

and MODIS LWP for the time and region show in Figure 5. The left-hand panels are area 440 

histograms for 4-connected contiguous drizzle areas and the right-hand panels are for 8-441 

connected contiguous drizzle areas. The upper panels are the area histograms for contiguous 442 

drizzle pockets detected using 89 GHz brightness temperature data. The middle panels are the 443 

area histograms for contiguous drizzle pockets defined as contiguous areas with AMSR-E LWP 444 

Ó 200 g m
-2

. The lower panels are the area histograms contiguous drizzle pockets defined as 445 

contiguous areas with MODIS LWP Ó 200 g m
-2

. The total area identified as drizzle is given for 446 

each product. The total area is the same for 4-connected and 8-connected methods. 447 
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 455 

Figure 9. As Figure 7 but for the southeast Atlantic on 26 June 2007 at å13:05 UTC. 456 
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 466 

Figure 10. As Figure 7 but for the northeast Pacific on 29 July 2009 at å22:00 UTC. 467 
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