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6 [1] The albedo of marine stratocumuli depends upon cloud liquid water content, droplet
7 effective radius (re), and how these parameters vary with height. Using satellite data
8 and shipborne data from the East Pacific Investigation of Climate (EPIC) Stratocumulus
9 Study, this study investigates the cloud re vertical variation for drizzling and nondrizzling
10 clouds. Visible/near-infrared retrievals from the NASA Moderate Resolution Imaging
11 Spectroradiometer (MODIS) are used to estimate the vertical profile of re. MODIS re
12 observations and collocated shipborne scanning C-band precipitation radar data show that
13 re generally increases with height in nondrizzling clouds, consistent with aircraft
14 observations. It is found that in clouds with precipitation rates greater than a few
15 hundredths of a mm h�1 the vertical gradient of re is significantly less than that in
16 nondrizzling clouds and can become negative when the drizzle is heavier than
17 approximately 0.1 mm h�1. High values of re at drizzling cloud base are consistent with
18 estimates of the ratio of liquid water in the drizzle drops to that in the cloud droplets.
19 C-band derived cloud base precipitation rates are found to be better correlated with re at
20 cloud base than with re at cloud top, suggesting that passive remote sensing may be useful
21 for drizzle detection.

22 Citation: Chen, R., R. Wood, Z. Li, R. Ferraro, and F.-L. Chang (2008), Studying the vertical variation of cloud droplet effective

23 radius using ship and space-borne remote sensing data, J. Geophys. Res., 113, XXXXXX, doi:10.1029/2007JD009596.

25 1. Introduction

26 [2] Low-level stratiform liquid water clouds have a sig-
27 nificant influence on the Earth’s climate due to their strong
28 shortwave radiative forcing [Greenwald et al., 1995]. Such
29 clouds cover large regions of the Earth’s oceans [Klein and
30 Hartmann, 1993]. The shortwave optical depth of liquid
31 water clouds depends upon both the bulk condensate
32 amount and the size of the cloud drops. Dependence on
33 the latter is conveniently expressed as an effective radius
34 which is the ratio of the third to second moments of the
35 cloud droplet size distribution.
36 [3] The vertical variation of cloud droplet effective radius
37 (re) is an important cloud property which reflects both
38 condensation and coalescence growth. There are different
39 ways to obtain information on the vertical profile of cloud
40 re, including in situ aircraft measurements [e.g., Martin et
41 al., 1994;Wood, 2000;Miles et al., 2000] and new retrievals
42 from satellite measurements of solar reflectance [Chang and

43Li, 2002]. The aircraft measurements in low clouds show
44that re generally increases with height for nondrizzling
45clouds [Martin et al., 1994; Miles et al., 2000; Wood,
462000] but that drizzle drops start to increase the effective
47radius significantly if the liquid water content of drizzle
48drops is above 5–10% of the liquid water content of small
49cloud droplets [Wood, 2000]. These drizzle droplets thus
50reduce the vertical gradient and even lead to re decreasing
51with height because drizzle drops tend to increase in size
52toward the base of the cloud [Wood, 2005a]. However, only
53limited work has been carried out to examine the vertical
54profile of effective radius in drizzling low clouds. Drizzle
55commonly occurs in marine low clouds and its effects upon
56cloud optical properties are very poorly understood
57[Albrecht, 1989; Wood, 2005a; Comstock et al., 2004;
58VanZanten et al., 2005].
59[4] Satellite observation is the only practical way to infer
60cloud re globally. Solar reflectance measurements from a
61visible channel and a near infrared (NIR) channel are widely
62used to estimate cloud optical depth and cloud top re
63[Nakajima and King, 1990; Han et al., 1994]. Using radar
64and a solar/infrared radiometer on board the Tropical
65Rainfall Measuring Mission (TRMM), Kobayashi [2007]
66found that cloud re of precipitating clouds is obviously
67larger than that for nonprecipitating clouds. In previous
68studies, cloud re retrievals have used three NIR channels,
69which have wavelengths of l = 1.6 mm, 2.1 mm, and 3.7 mm
70[King et al., 2003]. Because clouds absorption is different at
71the three wavelengths, the NIR channels have different
72reflectance weighting functions from cloud top to cloud
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73 base. Platnick [2000] found the weighting function for l =
74 3.7 mm is mainly confined to the cloud top layer (i.e., within
75 optical depth 2) and sharply decrease toward cloud base,
76 while the weighting function at l = 1.6 mm spreads more
77 evenly into the lower cloud layer (i.e., for a cloud with
78 optical depth equal to 8, the weighting function value at
79 cloud base is around half of its maximum value). Conse-
80 quently, the l = 3.7 mm retrieval corresponds to the re close
81 to the top of the cloud layer, whereas the l = 2.1 mm and
82 l = 1.6 mm retrievals are sensitive to re values deeper
83 inside the cloud. Assuming that the re has a linear distribu-
84 tion in the vertical direction, Chang and Li [2002, 2003,
85 hereinafter referred to as CL] present a method to determine
86 an optimal linear re profile by using a combination of NIR
87 measurements at l = 3.7mm, 2.1 mm, and 1.6mm. The linear
88 re assumption is based on many re profile measurements
89 worldwide [Miles et al., 2000; Wood, 2000; Brenguier et al.,
90 2000].
91 [5] Applying the CL algorithm to reflectance measure-
92 ments from the Moderate Resolution Imaging Spectroradi-
93 ometer (MODIS) on the NASA Aqua satellite, Chen et al.
94 [2007] conducted a preliminary study to show that the
95 distributions of re profile are different for drizzling and
96 nondrizzling clouds. However, the definition of drizzling
97 used in their study was based on an empirical threshold of
98 liquid water path (LWP), which is retrieved from brightness
99 temperature measurements from the Advanced Microwave
100 Scanning Radiometer (AMSR-E) on Aqua. The threshold-
101 based detection of drizzling suffers from an ambiguity
102 caused by cloud LWP (i.e., it is not clear how to separate
103 the detected LWP into cloud and rain components) and has
104 difficulty detecting light drizzle [Zuidema et al., 2005].
105 Failure to detect light drizzle could also be caused by the
106 nearly 100 km2 field of view size of AMSR-E 37 GHZ
107 channel, which is the primary channel used in LWP esti-
108 mation [Ashcroft and Wentz, 2000].
109 [6] In this study, measurements from the East Pacific
110 Investigation of Climate (EPIC) Stratocumulus Study are
111 used for cloud profile analysis. Coincident radiance meas-
112 urements from MODIS on the Terra satellite are used to
113 estimate the re profile with the CL algorithm. Through a
114 synergistic analysis of radar reflectivity profile measured by
115 a millimeter cloud radar (MMCR), drizzle measurements
116 from a scanning C-band radar, and satellite estimation of the
117 (assumed linear) re profile, the vertical variation of cloud re
118 is estimated for both drizzling and nondrizzling clouds.
119 Such analysis was not possible in previous studies because
120 of the lack of observation of cloud re profile and drizzle.
121 The estimation of vertical re variation and how it depends
122 upon the drizzle rate provide useful information for drizzle
123 detection, cloud modeling, and climate studies (i.e., study of
124 aerosol indirect effect).
125 [7] Section 2 introduces the instruments that are used in
126 this study and the data processing methods. The uncertain-
127 ties of the data from these instruments are also discussed. In
128 section 3, estimates of the partitioning of liquid water
129 content between drizzle drops and small cloud droplets is
130 carried out using MMCR data in drizzling stratocumulus by
131 incorporating simultaneous LWP estimates from a passive
132 microwave radiometer. Drizzle precipitation rates obtained
133 from the C-band radar and spatiotemporally matched re
134 profile estimation from MODIS satellite measurements are

135combined to evaluate the impact of drizzle on the trend of
136vertical re variation. Section 4 summarizes the result of this
137study, discusses the potential of profile retrieval on drizzle
138detection, and presents further research need to be done in
139the future.

1402. Data and Methods

141[8] The EPIC Stratocumulus Study [Bretherton et al.,
1422004] was conducted in October 2001 within the southeast-
143ern Pacific stratocumulus region. From 16 to 22 October,
144the NOAA research vessel R/V Ronald Brown (RHB) was
145stationary at 20�S, 85�W and observed a relatively well-
146mixed boundary layer with predominantly overcast skies
147and few upper level clouds. Comprehensive cloud and
148precipitation measurements were taken by vertically point-
149ing remote sensing instruments on the RHB. This investi-
150gation uses cloud profile and drizzle estimates at 20�S,
15185�W from EPIC instruments, as well as re profile estima-
152tion from spatiotemporally matched data from MODIS on
153Terra.

1542.1. Cloud Measurements From Millimeter Radar,
155Ceilometer, and Microwave Radiometer

156[9] Cloud reflectivity profiles are provided by vertically
157pointing 8.6mm wavelength radar (MMCR), which has a
158vertical resolution of 45 m [Moran et al., 1998]. The beam
159width is 0.5� and the minimum detectable reflectivity is
160around �60 dBZ. The radar obtains a reflectivity profile
161every 10 s, but the reflectivity profile measurements are
162averaged to a 5 min temporal resolution for this study
163(equivalent to approximately 5 km horizontal spatial reso-
164lution). The calibration error of MMCR data are less than
1651 dBZ. Comstock et al. [2004] showed that the uncertainty
166of the MMCR radar measurements caused by Mie scattering
167is less than 10% for stratocumulus clouds given the mean
168radii of cloud and drizzle drops encountered in EPIC. Cloud
169top height is determined using a reflectivity threshold of
170�40 dBZ to define cloud, a value that leads to cloud top
171heights very close to the height of the inversion base as
172determined using radiosondes (not shown). The cloud base
173height is measured using a ceilometer with 15 m vertical
174resolution. The LWP is estimated from brightness temper-
175ature measurements of a microwave radiometer at 22 GHz
176and 31 GHz [Zuidema et al., 2005]. The uncertainty of
177the LWP estimation is around 10–25 g�2. Figure 1 shows
178an example of MMCR reflectivity measurements for a 24 h
179period (18 October 2001) in which significant drizzle was
180observed to fall [see Comstock et al., 2004]. In this study,

Figure 1. Millimeter cloud radar reflectivity measure-
ments on 18 October 2001.
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181 estimates of the partitioning of liquid water content between
182 drizzle drops and small cloud droplets is carried out using
183 MMCR data in stratocumulus by incorporating simulta-
184 neous LWP estimates from a passive microwave radiometer.

185 2.2. Estimates of Drizzle From Scanning C-Band
186 Radar

187 [10] The C-band radar on the RHB has a 5 cm wavelength
188 and 0.95� beam width. During EPIC, the C-band completed
189 an 11-elevation angle volumetric scan out to 30 km radius
190 every 5 min [Comstock et al., 2004]. Reflectivity between
191 0.5 km and 2 km altitude is averaged to produce two-
192 dimensional maps with an estimated calibration error of
193 ±2.5 dBZ. The minimum detectable reflectivity is approx-
194 imately �12 dBZ at 30 km distance. Because of its
195 sensitivity, C-band measurements in low water clouds are
196 only sensitive to drizzle, as cloud liquid water content
197 cannot produce the reflectivity at sufficient magnitude to
198 be detected. In this study, the cloud base precipitation rate is
199 estimated using Z = 25R1.3, where Z is the radar reflectivity
200 in mm6m�3, and R is the rain rate in mm h�1. This Z � R
201 relationship was derived using vertically pointing MMCR
202 data in drizzling stratocumulus during EPIC [Comstock et
203 al., 2004] and consistent with aircraft in situ measurements
204 in drizzling stratocumulus [Wood, 2005b]. The C-band
205 measurements are compared with the re profile retrieval
206 from MODIS on Terra described below.

207 2.3. Cloud Profile Retrieval Using MODIS

208 [11] MODIS L1B reflectance measurements at l = 0.86
209 mm, 1.6 mm, 2.1 mm, and 3.7 mm from Terra satellite are
210 used to estimate cloud optical depth, the re profile, and the
211 LWP using the CL algorithm at a nadir resolution of 1 � 1
212 km2. Only daytime MODIS measurements are used in this
213 study because solar reflectance measurements are needed
214 for retrieving cloud parameters. The Terra overpass time is
215 close to 1600 UTC at 20�S, 85�W, when the solar zenith
216 angle is between 20� and 30� during October. The satellite
217 zenith angle of MODIS ranges between �55� and 55�.
218 [12] In the CL algorithm, the linear re profile is defined as
219 a function of height z, which is defined by

reðz0Þ ¼ re1 þ re2 � re1ð Þz0; ð1Þ

221 where z0 = (z � ztop)/(zbase � ztop) denotes the fractional
222 cloud height with z0 = 0 for the cloud top and z0 = 1 for the
223 cloud base. Thus, the linear re profile is parameterized by re1
224 at z0 = 0 and re2 at z0 = 1 representing the cloud top and
225 cloud base re, respectively. The retrievals of re1 and re2 are
226 determined by matching the MODIS measurements with
227 radiative transfer calculations at 3.7, 2.1, and 1.6 mm.
228 Chang and Li [2002] analyzed the potential biases
229 associated with the assumption of a linear re profile and
230 those arising from reflectance error. They showed that the
231 linear re profile retrieval works best for cloud optical depths
232 ranging between 10 and 28. The retrieval mean biases are
233 on the order of 1 mm for cloud top and slightly larger for
234 cloud base if the re profile has a close-to-linear variation.
235 However, if the re variation is very nonlinear, large biases
236 may be incurred, in particular for cloud base re. Also when
237 clouds have large optical depth (>28), the quality of re
238 profile estimation does not change much for cloud top but

239gets much worse for cloud base because the signal from
240cloud base is weak for thick clouds. Over all, the uncertainties
241in re2 are typically 2–3 times larger than the uncertainties in
242re1.
243[13] Traditionally, with the assumption that re is vertically
244constant, cloud LWP is derived as given by

LWP ¼ 4rw
3Qe

tre; ð2Þ

245246Here, t is the cloud optical depth, rw is the density of liquid
247water, Qe (=2) is the extinction efficiency. Previously, re
248retrieved with reflectance measurements using a single NIR
249channel have been used to calculate LWP with equation (2).
250As discussed earlier, the re retrieved from a single NIR
251channel like 3.7 mm is more sensitive to the layer near the
252cloud top, which can cause biases in LWP calculations for
253cloud with vertical re variation. In the CL algorithm, cloud
254optical depth is retrieved from MODIS 0.86-mm reflectance
255measurement for clouds over ocean and LWP is calculated
256with the linear re profile estimation. Chen et al. [2007]
257showed that MODIS LWP estimation using CL algorithm is
258consistent with LWP retrieved from AMSR-E microwave
259observations (i.e., correlation coefficient is around 0.9 for
260overcast clouds with warm top) and LWP calculation with re
261profile corrects the biases caused by the assumption of
262vertically constant re.

2632.4. Spatial and Temporal Matching of MODIS and
264C-Band Data

265[14] For each RHB location covered by a MODIS scan
266(a total of five MODIS overpasses during the 6 d during
267EPIC), the re profile retrievals are compared with coincident
268RHB scanning C-band radar measurements. MODIS pro-
269vides instantaneous measurements, while the temporal res-
270olution of the C-band radar is 5 min. To alleviate the
271influence of the small, but nonnegligible, temporal gap
272between the two instruments, both MODIS data and C-band
273data are aggregated and averaged within 5 � 5 km boxes.
274We aggressively discard aggregated samples that are not
275fully overcast by insisting that all 25 pixels must contain
276cloud. There are large uncertainties and ambiguities in
277retrieval of effective radius if the clouds are very thin
278(i.e., optical thickness is less than 4) [Nakajima and King,
2791990]. In this study, to ensure reliable retrieval of cloud
280parameters, the optical depths for all cloudy pixels are
281required to be larger than 4. These constraints have been
282applied to ensure that as many broken, thin, and highly
283heterogeneous MODIS pixels (i.e., those most likely to
284violate the plane-parallel retrieval assumption) are not
285included in the analysis.
286[15] The C-band radar measurements are compared with
287the re profile retrieval from MODIS on board Terra satellite.
288As an example of these data, Figure 2 shows coincident
289images of C-band radar reflectivity, MODIS re profile
290retrieval (i.e., re1 and re2) and MODIS LWP estimates at
2911555 UTC of 18 October 2001, a period of strong drizzle
292also shown in the MMCR data (Figure 1). Data in which
293cloud is not present or broken, as detailed above, are
294blanked out. There is considerable heterogeneity in the
295precipitation field but it is clear that regions of strong
296drizzle (large Z) are generally associated with higher LWP
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297 and large drops at cloud base (i.e., large re2). There is also a
298 correlation of Z with the cloud top effective radius re1 but it
299 is not as clear as with re2. This is consistent with the idea
300 that, for heavy drizzle, the drizzle drops themselves may be
301 directly impacting the drop effective radius close to the
302 cloud base. We return to this issue in section 3.2.

304 3. Results

305 3.1. MMCR Reflectivity Profile and Estimates of the
306 Partitioning of Liquid Water Content Between Drizzle
307 Drops and Small Cloud Droplets

308 [16] Figure 3 shows the scatterplot of mean radar reflec-
309 tivity Z over the upper third (0 < z0 < 1/3) and lower third (2/
310 3 < z0 < 1) of the cloud layer, with z0 determined using the
311 cloud top and base heights from the MMCR and ceilometer,
312 respectively. The column maximum reflectivity is shown by
313 the color of the data samples. Radar reflectivity Z depends
314 the sixth moment of the cloud and drizzle size distribution.
315 Radar reflectivity thresholds for drizzle detection generally
316 range between �20 dBZ and �15 dBZ in previous studies
317 [Sauvageot and Omar, 1987; Wang and Geerts, 2003;
318 Kogan et al., 2005]. For drizzling clouds, the reflectivity
319 due to precipitation drops starts to overwhelm that due to
320 cloud droplets and corresponds to precipitation rates of only
321 a few thousandths of a mm hr�1. Thus even modest
322 amounts of precipitation can overwhelm the radar signal
323 due to cloud droplets [Fox and Illingworth, 1997] even

324when the drizzle has limited effect on the overall liquid
325water content and effective radius of the cloud. Figure 3
326shows that cloud top Z is greater than cloud base Z for
327nondrizzling clouds (i.e., column maximum reflectivity is

Figure 2. Coincident images of C-band radar reflectivity and MODIS cloud profile at UTC 1555,
18 October 2001. (a) RHB C-band radar reflectivity image. (b) MODIS estimation of droplet effective
radius at cloud top (re1). (c) MODIS estimation of droplet effective radius at cloud base (re2). (d) MODIS
LWP estimation.

Figure 3. Scatterplot of reflectivities over upper 1/3
portion of cloud layer (Zupper-third) and reflectivities over
lower 1/3 portion of cloud layer (Zlower-third). Color of the
scatterplots represents the column maximum radar reflec-
tivity. The data is from MMCR.
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328 �30 dBZ), while the opposite is true for drizzling clouds
329 (i.e., column maximum reflectivity is �10 dBZ) (a result
330 consistent with Comstock et al. [2004, Figure 4]). For
331 nondrizzling clouds, cloud droplet size and number con-
332 centration determines Z, and its increase with height is
333 caused primarily by condensational growth of cloud drop-
334 lets. Drizzle drops dominate radar reflectivity in drizzling
335 clouds. Aircraft observations [Wood, 2005a] show that in
336 drizzling stratocumulus the precipitation rate tends to be
337 roughly constant in the lowest two thirds of the cloud layer
338 before decreasing rapidly above this. For drizzling clouds in
339 Figure 3, the large reflectivity in the lower portion of the
340 cloud layer is caused by drizzle at cloud base, while the
341 small radar reflectivity at upper portion of cloud layer is
342 consistent with there being much less drizzle near cloud top.
343 [17] Wood [2000] found that drizzle drops start to increase
344 effective radius significantly if f = qL,l/qL,s is above 0.1,
345 where qL,l is the liquid water content of large drops (r >
346 20 mm) and qL,s is the liquid water content of small (r <
347 20 mm) cloud droplets. His study found that it is possible
348 to parameterize the impact of drizzle drops on effective
349 radius as

re

re;s
� ð1þ fÞ

2
3

1þ 0:2 k1
ks

� �1
3

f
� � ð3Þ

351 where re is the effective radius for all droplets, re,s is the
352 effective radius for small cloud droplets, kl is the ratio
353 between the cubes of the volume and effective radius for
354 large drops, and ks is the ratio between the cubes of the
355 volume and effective radius for small droplets. In his study,
356 kl is parameterized as 2/9 (the exact value for an exponential
357 distribution to which populations of drizzle drops adhere
358 quite closely [Wood, 2005b]) and ks ranges between

359approximately 0.6 and 0.9 [e.g., Martin et al., 1994]. On
360the basis of equation (3), with the assumption of ks equal to
3610.75, the drizzle drops would increase re by 40% for f = 1
362and 10% for f = 0.2. With the MMCR reflectivity profile
363and the LWP estimation from RHB microwave radiometer,
364liquid water content of drizzle drops and liquid water
365content of small cloud droplets can be roughly estimated.
366The liquid water content of drizzle drops at cloud base is
367estimated with qL,l = rR/wT, where R is cloud base
368precipitation rate, r is the density of water, and wT is the
369mass-weighted fall speed of drizzle drops. Using a typical
370fall speed of 0.4m s�1 for drizzle drops (consistent with the
371aircraft data of Wood [2005a] for which wT is in the range
3720.2–0.6 m s�1), the drizzle liquid water content would be
373qL,l � 0.69R in g m�3. The rain rate profile can be estimated
374from the MMCR reflectivity profile with Z = 25 R1.3

375[Comstock et al., 2004]. Thus, the LWP contributed by
376drizzle drops (LWPl) is the vertical integral of 0.69R over
377the depth of the precipitating layer, and LWP contributed by
378small cloud droplets (LWPs) is estimated by subtracting
379LWPl from total LWP estimated with RHB microwave
380radiometer measurements. The mean liquid water content of
381small droplets (qL,s,mean) can be estimated from the mean
382LWPs over the cloud depth. Figure 4 shows estimated
383qL,l,base/qL,s,mean and qL,l,top/qL,s,mean against Rcb, where
384qL,l,base is the liquid water content of drizzle drops at cloud
385base, qL,l,top is the liquid water content of drizzle drops at
386cloud top, and Rcb is the rain rate at cloud base. It is shown
387that the qL,l,base/qL,s,mean grows from <0.1 at Rcb < 0.01 mm
388h�1 to >1 as Rcb reaches a few tenths of a mm h�1, while
389qL,l,top is always much smaller than qL,s,mean. Because the
390radius of small cloud droplets generally increases with
391height, qL,s at cloud base is expected to be less than qL,s,mean

392and qL,l/qL,s at cloud base is expected to be larger than
393qL,l,base/qL,s,mean and so the ratios of drizzle to cloud liquid
394water presented in Figure 4 are representative of the cloud
395as a whole and most likely underestimate the impact of
396drizzle close to cloud base. In any case, taken together with
397equation (3), such ratios are consistent with drizzle having
398an impact on the effective radius when the precipitation rate
399exceeds a few hundredths of a mm h�1. It is remarkable that
400for even relatively modest precipitation rates, a significant
401fraction of the liquid water content in stratocumulus clouds
402can reside in drizzle-sized drops. The impacts of drizzle
403upon re at cloud base could significantly change the trend of
404vertical re variation because there are not many drizzle
405drops at cloud top. Using the re profile estimated from
406satellite reflectance measurements, the following section
407assesses the impact of drizzle drops on vertical re variation
408in detail.

4093.2. Satellite Estimates of the re Profile for Drizzling
410and Nondrizzling Clouds

411[18] Figure 5 shows the C-band precipitation rate against
412the MODIS-derived droplet effective radius at cloud top re1
413and cloud base re2 for the spatially matched data set from
414EPIC. A threshold of �12 dBZ (minimum detectable
415reflectivity of the C-band radar) is used to classify the 5 �
4165 km regions into either drizzling or nondrizzling. Statistics
417of re1 and re2 are shown in Table 1. Both re1 and re2 are
418larger for drizzling clouds than for nondrizzling clouds, with
419a threshold for drizzle of approximately 15 mm in re1

Figure 4. Scatterplot of the ratio between the liquid water
content of drizzle drops (qL,l,) and the column mean liquid
water content of small droplets (qL,s,mean) versus rain rate at
cloud base. Circles represent qL,l,base/qL,s,mean at cloud base
and pluses represent qL,l,top/qL,s,mean at cloud top. The
estimates are made with data from shipborne MMCR and
microwave radiometer.
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420 consistent with earlier in situ studies [e.g., Gerber, 1996].
421 However, re2 shows a greater contrast between drizzling
422 clouds and nondrizzling clouds. The mean value of re1 is
423 9.6 mm for nondrizzling cloud and 17.1 mm for drizzling
424 clouds, while the mean value of re2 is 6.3 mm for nondrizzling
425 cloud and 20.8 mm for drizzling clouds. The correlation
426 coefficient with rain rate is 0.45 for re1 and is 0.60 for re2.
427 The reason that re2 is better correlated with rain rate is that the
428 drizzle drops at cloud base increase the effective radius. On
429 the other hand, drizzle decreases markedly toward the cloud
430 top. The correlation between precipitation rate and cloud top
431 effective radius is therefore expected not because the precip-
432 itation itself contributes to re but because clouds with large
433 drops near their tops will be more prone to collision-coales-
434 cence which ultimately manifests itself as greater precipita-
435 tions rates lower down in the cloud.
436 [19] Figure 6 shows the scatterplot between re1/re2 and
437 coincident rain rate. Values of re1 are generally larger than re2
438 for nondrizzling clouds and the mean value of re1/re2 is 1.61
439 for nondrizzling clouds. The ratio decreases as the clouds
440 start to drizzle and can become less than unity if drizzle is
441 heavy (i.e., larger than 0.2mm h�1). The mean rain rate is
442 0.04mm h�1for drizzling clouds with re1/re2 > 1 and 0.18mm
443 h�1 for drizzling clouds with re1/re2 < 1. The mean value of
444 re1/re2 is 0.92 for drizzling cloud. The correlation coefficient
445 between re1/re2 and rain rate is �0.43.
446 [20] Using rain rate estimation from the C-band radar
447 and LWP from MODIS, we can make a rough estimate of
448 qL,l /qL,s using the same method as in section 3.1. Figure 7

449shows a plot of the precipitation rate against LWP. For
450drizzling cloud, the mean rain rate is 0.15 mm h�1 and the
451mean cloud LWP is 0.16 mm. As discussed in section 3.1,
452the drizzle liquid water content would be 0.69R in g m�3.
453The 0.15 mm h�1 mean rain rate in Figure 7 means a drizzle
454liquid water content of qL,l of 	0.10 g m�3. The average
455thickness of a drizzling cloud is around 0.6 km for the data
456used in this study (estimated with MMCR and ceilometer).
457For an average cloud LWP of 0.16 mm in Figure 7, the
458average cloud liquid water content (qL,l + qL,s) is around
4590.25 g m�3 and qL,s would be around 0.15 g m�3 after the
4600.10 g m�3 qL,l is subtracted. Considering that qL,s at cloud
461base is less than qL,s at cloud top because re1/re2 is larger
462than 1 without contribution from drizzle drops, qL,s would
463be in the same order of magnitude as qL,l at cloud base for
464the average rain rate of 0.15 mm h�1. Certainly, qL,l would
465be smaller than qL,s when the drizzle is light (i.e., 0.01 mm
466h�1) and would be larger than qL,s when the drizzle is high
467(i.e., 0.5 mm h�1).
468[21] The above comparison of qL,l with qL,s indicates that,
469for the drizzling clouds in Figure 6, we expect a significant
470amount of drizzle liquid water content close to cloud base,
471especially when the precipitation rate exceeds about 0.1 mm
472h�1. Given that the drizzle drops start to increase effective
473radius significantly if qL,l /qL,s is above 0.1, the neutraliza-
474tion and conversion of the trends of re vertical variation by
475drizzle drops in Figure 6 is consistent with theoretical
476calculations by Wood [2000] and with in situ observations
477[Martin et al., 1994].
478[22] Chen et al. [2007] also suggested similar impact of
479drizzle on vertical re variation, but in that preliminary study
480the re decreases with height for most precipitating clouds,
481and could be either increasing or decreasing for nonpreci-
482pitating clouds. As previously stated, this investigation
483found that most nondrizzling clouds have a re profile that
484increases with height and drizzling clouds have re profiles
485that either increase or decrease with height. The differences
486between the results of the two studies are caused by utilizing
487different drizzle detection techniques. As stated in section 1,
488AMSR-E rain detection used in the work of Chen et al.
489[2007] misses light drizzle and possibly some heavy drizzle
490if the cloud LWP is low. As a result, the drizzle defined by
491AMSR-E is necessarily heavy drizzle, while the nondriz-
492zling clouds defined by AMSR-E contain both drizzling and
493nondrizzling clouds.

4954. Summary and Future Studies

496[23] Using data from the EPIC 2001 Stratocumulus
497Study, this study investigates the cloud re vertical variation
498for drizzling and nondrizzling clouds. Estimates of the
499partitioning of liquid water content between drizzle drops
500and small cloud droplets is carried out using MMCR data in
501drizzling stratocumulus by incorporating simultaneous LWP

Figure 5. Scatterplot between rain rates and cloud droplet
effective radius. Here re1 is droplet effective radius at cloud
top and re2 is droplet effective radius at cloud base. The
estimates are made with data from MODIS and C-band
radar.

t1.1 Table 1. Comparison of Cloud Parameters for Raining Clouds and Nonraining Clouds

re1(mm) re2(mm) re1/re2 Cloud LWP (mm) Rain Rate (mm h�1)t1.2

Correlation with rain rate 0.45 0.60 �0.44 0.76 N/At1.3
Mean for nonraining clouds 9.6 6.3 1.61 0.034 0t1.4
Mean for raining clouds 17.1 20.8 0.92 0.155 0.149t1.5
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502 estimates from a passive microwave radiometer. Satellite
503 reflectance measurements from MODIS on the Terra satel-
504 lite are used to estimate the trend of vertical re variation.
505 Using drizzle rates estimated with a scanning C-band radar
506 we show that the cloud re can decrease with height in clouds
507 with sufficiently strong drizzle. For nondrizzling clouds, the
508 re generally increases with height in accordance with the
509 growth of cloud droplets by condensation. For drizzling
510 clouds, at cloud base, liquid water content of drizzle drops is
511 found to be of comparable magnitude to liquid water
512 content of small cloud droplets when rain rate at cloud base
513 is above a few hundredths of a mm h�1. Both previous
514 theoretical analyses [Wood, 2000] and the synergetic obser-
515 vations in this study suggest that drizzle drops can increase
516 re significantly at drizzle rates found in low liquid water
517 clouds. Because drizzle is typically found toward the
518 bottom of these clouds, the re increase by drizzle drops at
519 cloud base can change the trend of vertical re variation and
520 re can decrease with height if drizzle is heavy. On the basis
521 of the radar precipitation observations and satellite cloud re
522 profile estimation, re generally decreases with height when
523 rain rate is above 0.1 mm h�1.
524 [24] Both re at cloud base and re at cloud top are shown to
525 have certain distinction between drizzling and nondrizzling
526 clouds: larger for drizzling clouds than for nondrizzling
527 clouds. The distinction is more striking for re at cloud base
528 than re at cloud top. The re at cloud base is also found to be
529 better correlated with rain rate. The finding of this study
530 suggests that the profile of re or re at cloud base has the
531 potential for drizzle detection in marine low clouds. Drizzle
532 detection is very important in climate studies because
533 drizzle can affect the optical properties of low clouds by
534 changing their macrophysical and microphysical structure
535 [e.g., Albrecht, 1989; Stevens et al., 2005; Wood, 2007]. It is
536 important to develop methodologies for the detection and
537 quantification of drizzle and other light precipitation in low
538 clouds.

539[25] Both space-borne passive microwave observations
540and solar observations have been used for detection of
541drizzle. Drizzle detection with passive microwave observa-
542tion uses the estimation of column LWP, which contains
543both cloud liquid water and drizzle liquid water. The
544threshold of LWP for drizzle detection is about 0.2 mm
545[Ferraro et al., 1996; Wentz and Spencer, 1998]. Micro-
546wave observation has the advantage of being sensitive to
547drizzle directly, but the ambiguity caused by cloud liquid
548water may degrade its performance in detection of light
549drizzle. Zuidema et al. [2005] found that light drizzle is
550common even at low LWP. Depending upon the microphys-
551ical cloud properties such as cloud droplet concentration the
552column LWP can be very small (i.e., 0.05 mm) for light
553drizzle with small rain rate (e.g., 0.02 mm h�1 [Wood,
5542005a]). On the other hand, the cloud LWP can be as large
555as 0.2–0.4 mm even for nondrizzling clouds [Wood, 2005a;
556Berg et al., 2006]. If a 0.2 mm threshold of column LWP is
557applied for drizzle detection, most light drizzle with rain
558rate less than 0.1 mm h�1 would be missed. Given that
559typical precipitation rates in marine low clouds range from
5600.01 to 0.1 mm h�1 [e.g., Yum and Hudson, 2002; Wood,
5612005a], this detection threshold will miss a significant
562fraction of drizzling clouds over the oceans. Indeed, results
563from EPIC show that for these clouds approximately 80% of
564the drizzling area consists of precipitation rates smaller than
5650.1 mm h�1 and that these weakly drizzling clouds contrib-
566ute around 25% of the accumulated precipitation at cloud
567base [Comstock et al., 2004, Figure 9].
568[26] Drizzle detection with solar reflectance observations
569has used cloud re retrieved from single NIR channels. The re
570threshold for drizzle detection is about 14 mm in previous
571studies [Rosenfeld and Gutman, 1994; Han et al., 1995].
572However, the re retrieved from a single NIR channel is
573biased toward cloud top, whereas most drizzle is found
574lower down in the cloud. For example, re retrieval from
5753.7 mm represent most top of the cloud layer, while re
576retrieved from 2.1 mm may represent upper 20% 	40%
577optical depth of cloud layer with optical depth equal
5788 [Nakajima and King, 1990]. As previously stated, be-
579tween drizzling clouds and nondrizzling clouds, there is a

Figure 6. Scatterplot between rain rates and ratio between
droplet effective radius at cloud top (re1) and droplet
effective radius at cloud base (r2). The estimates are made
with data from MODIS and C-band radar.

Figure 7. Scatterplot between rain rates and liquid water
paths. The estimates are made with data from MODIS and
C-band radar.
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580 difference in re at cloud top, but a greater contrast in re at
581 cloud base due to the drizzle drops at cloud base for
582 drizzling clouds.
583 [27] Results of this study shows that satellite re profile
584 estimation (re2 at cloud base or ratio re1/re2) could be used as
585 another method for drizzle detection in marine low clouds.
586 The technique details and the quality of the methods beyond
587 the scope of this study because limited data has been
588 available. Future study on this topic could be done when
589 CloudSat data and more campaign data are available.
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