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Project Summary 

Development of satellite remote sensing retrieval methods, numerical model 
studies and field observational research have been conducted to advance the use of 
cloud physical parameters with the Navy's Coupled Ocean/Atmosphere Mesoscale 
Prediction System (COAMPS) prediction model. Procedures have been demonstrated 
for the satellite retrieval techniques and the merging of these retrieved parameters with 
COAMPS model output. 

A field research project was planned and carried out in conjunction with scientists 
from the Naval Research Laboratory, the University of Wyoming and Oregon State 
University. This project took place during 4 August - 4 September 1999 in the region of 
coastal Oregon, and provided detailed study of COAMPS model forecasts using satellite 
multispectral data and instrumented aircraft observations. GOES satellite multi-channel 
data were used to develop an operational procedure for mapping parameters such as 
cloud optical depth, droplet effective radius and liquid water path. Aircraft 
measurements by the University of Wyoming King Air allowed in situ verification of the 
satellite retrieval parameters and of the forecast model simulations produced by the 
Navy's nonhydrostatic mesoscale prediction system, COAMPS. Case studies show 
that the satellite retrieval methods are valid, and demonstrate how the gridded cloud 
parameters retrieved from satellite data can be combined with model output to improve 
stratus nowcasting and forecasting. 

Valuable new collaborative research was initiated and is continuing from this 
project. During the course of the project, six research meetings have been held 
(primarily at NRL-Monterey) with participation by NRL, the Desert Research Institute, 
the University of Wyoming, the Naval Postgraduate School, and Oregon State 
University. A six-month no-cost extension ( 1 May - 30 October 2000 ) was requested 
and granted for the project in order to complete the analysis of data obtained during the 
August 1999 field program. The research has resulted in a conference paper (Wetze! 
et a/., 2000a) and an article submitted to the AMS journal Weather and Forecasting 
(Wetzelefa/.,2000b). 



1.0 Introduction 

Prediction of boundary layer cloudiness is a critical but difficult aspect of marine 
forecasting, due to the mesoscale variability of boundary layer dynamic processes and 
the lack of observations in many oceanic and coastal regions. The ability to correctly 
simulate and forecast cloud layer evolution is strongly tied to the accuracy with which a 
model represents the evolution of the cloud profile of liquid water. This is due to the 
controlling influences of entrainment, turbulent mixing, radiative heating and 
microphysical processes within stratus decks. 

Multichannel satellite remote sensing can provide near-continuous mapping of 
the distribution of stratus cloud layers (Lee et a/., 1997; Greenwald and Christopher, 
2000), and can also be used to estimate physical parameters of the cloud such as 
effective droplet size, cloud optical depth and cloud liquid water path. Thus, satellite 
data offer a source of global and frequent source of validation data for marine cloud 
liquid water path distributions as forecast by COAMPS. There are several applications 
of this methodology such as improvement in short term forecasting, creation of cloud 
climatologies, and estimation of electromagnetic propagation. It is also anticipated that 
the satellite remote sensing of cloud microphysical parameters will be used in future 
versions of COAMPS which incorporate explicit prognostic routines and/or 
parameterizations for cloud droplet size. 

2. 0 Project Results 

2.1 Development of Remote Sensing Retrieval Methods 

Multispectral satellite data for both sun-synchronous and geosynchronous 
platforms have been used to develop methods for combined analysis of cloud 
microphysical parameters with the Navy's COAMPS forecast model simulation results. 
Remote sensing retrieval methods previously demonstrated (Wetzel era/. 1996; Wetzel 
and Stowe, 1999) for satellite estimation of stratiform cloud droplet size and optical 
depth were implemented and adapted for the region and time period of study. 

Satellite data are utilized from the NOAA polar-orbiter Advanced Very High 
Resolution Radiometer (AVHRR) sensor and the GOES geostationary Imager sensor. 
The primary channels used are the visible Channel 1 (0.57-0.72 \xm on Imager and 
AVHRR) ; near-infrared, Channel 2 on Imager (3.78-4.03 urn), and AVHRR Channel 3 
(3.55-3.93 urn) and the thermal infrared windows, Channel 4 (10.2-11.2 ^m on Imager, 
and 10.3-11.3 i^m on AVHRR) and Channel 5 (11.5-12.5 i^rn on Imager, 11.4-12.4 or 
11.5-12.5 ^m on AVHRR). 



The Discrete Ordinates model (Stamnes et a/., 1988) was adapted to generate 
tabular data for multiple cloud droplet size, cloud optical depth and solar/viewing 
geometry conditions, covering the ranges of possible image passes and cloud types for 
summertime coastal stratus. The Streamer software package (Meier et al., 1997) is a 
UNIX-based program which applies the Discrete Ordinates Model with gaseous 
absorption and aerosol extinction effects, and this was implemented for the satellite 
channels and stratus cloud characteristics simulated for this study. Use of this radiative 
transfer method has demonstrated the influence of aerosol on marine stratus cloud 
droplet size (Borys et al., 1998). 

Cloud-covered pixels were selected using channel threshold tests, and cloud 
optical depth and cloud droplet size are found by interpolation from the observed 
satellite pixel reflectances in the visible and near-infrared channels to the arrays of pre- 
calculated radiative transfer model reflectances. Model-calculated reflectance in the 
satellite visible channel is directly related to optical depth for the range of microphysical 
conditions observed in stratus cloud, so that satellite-observed reflected radiance can be 
directly used with model-calculated reflectances to retrieve cloud optical depth (Platnick 
and Valero, 1995). Figure 1 presents an example of the relationship between visible 
reflectance and cloud optical depth (T) for a range of relative sun-satellite azimuth 
angles. 
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Fig 1. AVHRR Channel 1 reflectance calculated using the Discrete Ordinates radiative 
transfer model for stratus cloud of increasing optical depth, at three values of the sun- 
satellite relative azimuth angle (cp), the indicated conditions of satellite zenith angle (6S) 
and solar zenith angle (G0), and with cloud droplet effective radius (Reff) of 8 pm. 

The near-infrared reflectance obtained from the GOES Imager Channel 2 or the 
AVHRR Channel 3 decreases significantly as cloud droplet size increases, such that 
results for the range of sun-satellite viewing angles, cloud optical depth and droplet size 
can be utilized with observed satellite radiances to estimate droplet size. This 
relationship is most robust for the size distribution parameter known as the effective 
radius (typically denoted as Re or Reff), which is defined as the ratio of the volume- 
weighted and area-weighted integrals of the distribution, n(r), of droplet radius, r, 
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Figure 2 presents an example of the cloud near-infrared reflectance in the 
AVHRR Channel 3 as droplet size increases. The thermal emission contribution to near- 
infrared radiance is removed by using the thermal infrared brightness temperature and 
an initial estimate of near-infrared emissivity for the cloud. The blackbody temperature is 
inverted to calculate the near-infrared blackbody radiance, and this is subtracted from 
the satellite-observed near-infrared radiance to obtain the near-infrared reflectance. 
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Fig. 2. AVHRR Channel 3 and Channel 1 reflectance curves calculated using the 
Discrete Ordinate model for a family of cloud layers with droplet effective radius 
increasing from 6 to 15 ym, at three different sun-satellite relative azimuth angles (cp) 
and the indicated conditions of satellite zenith angle (8S) and solar zenith angle (G0). 

Cubic spline interpolation was implemented to first estimate cloud optical depth 
from visible reflectances, then to retrieve cloud droplet effective radius from the near- 
infrared reflectances for each cloudy pixel. The thermal infrared channel data were used 
to subtract the thermal emission component from the near-infrared radiance. The 
Discrete Ordinates model (Stamnes et a/., 1988; Meier ef a/., 1997) was used to produce 
tabular data for a wide range of Re, T and solar/viewing geometry conditions. 

A parameterization based on retrieved optical depth and effective droplet size 
(Stephens, 1978) provides the estimate of cloud liquid water path: LWP = (2/3) T Re, 
where LWP has units (g m"2), -c is non-dimensional, and Re is in microns. Fig. 3 shows a 
comparison between the value of cloud liquid water path for cloud layers prescribed for 
the radiative transfer (RT) calculations, and the parameterized value as obtained from 
the equation above. The values of optical depth and effective radius used to calculate 
the parameterized LWP were determined from the RT model input conditions. Strong 
correspondence between the prescribed and parameterized values suggests satellite- 
estimated values of cloud optical depth and droplet effective radius can be used to 
estimate cloud liquid water path. Since liquid water path is a variable that is directly 
forecast by the COAMPS model, intercomparisons between the mapped distributions of 
satellite-derived and model-derived LWP can be evaluated. This retrieval method was 
tested first on datasets from the COAST '96 field measurement program for coastal 
stratus along California, and then implemented in a more detailed analysis for coastal 
cloud offshore Oregon during the COSAT '99 experiment. 
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Fig. 3.   Comparison of parameterized and model-prescribed stratus layer liquid water 
path (LWP). 

3.0 COSAT '99 Project 

3.1 Description of Field Measurements and Satellite Remote Sensing 

The COSAT '99 field program was designed to implement and test the satellite 
remote sensing methods for use in COAMPS model validation and forecast evaluation. 
Aircraft measurements obtained by the UW King Air (Vali et a/., 1998) were utilized for 
detailed analysis of cloud structure as well as the vertical profiles of cloud droplet size 
and liquid water content. Multiple sensor systems recorded 1-Hz (and higher frequency) 
thermodynamic, air motion and microphysical parameters. The PMS FSSP, Gerber 
PVM, and DMT LWC-100 probes operated on the aircraft provided liquid water content 
and droplet size data for use in the intercomparisons with model and satellite-derived 
estimates. In addition, the King Air high-resolution Doppler radar allowed interpretation 
of the fine-scale structure of reflectivity and velocity characteristics within the cloud and 
boundary layer. 

Summary data for aircraft parameters such as cloud Re, liquid water content and 
temperature were selected from ascent/descent flight legs as well as constant-altitude 
segments in order to evaluate the vertical profiles and horizontal structure of the cloud 
layers. Case study datasets were obtained for 19 different aircraft sampling flights 
during the August 1999 field project. Examples will be presented here from a subset of 
these flight periods, selected due to the availability of simultaneous satellite and aircraft 



datasets. Figure 4 is the visible GOES image and Figure 5 shows the corresponding Re 

distribution at 1630 UTC on 17 August 1999. The short graphic overlay in Figure 5 is an 
example of the brief sub-segments from individual flight days that were used for the 
aircraft-satellite intercomparisons. Figure 6 presents the corresponding LWP 
distribution. 

Fig. 4.  GOES visible image at 1630 UTC, 17 August 1999, with graphic overlays of the 
flight track (red), latitude/longitude grid (blue), and Oregon coastline (green). 

Fig. 5. GOES-derived cloud droplet effective radius (microns) at 1630 UTC, 17 August 
1999, with graphic overlays of a segment of the flight track (red) and central Oregon 
coastline (white). 
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Fig. 6. GOES-derived cloud liquid water path (g m'2) at 1630 UTC, 17 August 1999, with 
graphic overlays of a segment of the flight track (red) and central Oregon coastline 
(white). 

Figure 7 portrays the vertical profiles of cloud liquid water content and effective 
radius for three rapid ascent and descent flight segments obtained during 1631-1634 
UTC on 17 August. In this comparison, the measured LWP is 80 g m"2, while the 
maximum LWP for the satellite image pixels along the flight segment is 65 g m"2. The 
aircraft FSSP data and the satellite retrieval method indicated an effective radius value 
of 13 [am. A series of similar intercomparisons were analyzed for several image dates 
and times. Individual flight segments are directly matched by geographic location to the 
gridded and mapped satellite retrieval parameters for the closest available satellite 
image dataset (within 15 minutes). Aircraft and satellite-derived values of effective 
radius and liquid water path for several flight segments are summarized in Table 1. This 
summary indicates agreement between aircraft measurements and the satellite- 
estimated parameters. 
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Fig. 7. Liquid water content (upper panel) and droplet effective radius (lower panel) from 
aircraft soundings on 17 August 1999 over the time period 16:31-16:34 UTC. Individual 
data points shown are 1-sec averages while the larger squares indicated averages of all 
data at 25-m height intervals.   Data are derived from the King Air FSSP probe. 



Table 1. Aircraft and satellite-derived values of maximum values of effective radius (Re) 
and liquid water path (LWP), obtained from all measurement data within individual 
ascent/descent profiles. 

Date / Time 
(UTC) 

KingAir 
Re 

(urn) 

GOES 
Re 

(lim) 

KingAir 
LWP 

(g m-2) 

GOES 
LWP 

(g m-2) 
9Aug/1700 9 9 40 30 
9Aug/1800 10 9 75 65 
10Aug/1600 10 11 95 65 
10Aug/1800 10 10 70 90 
11 Aug/1600 15 16 70 75 
11 Aug/1700 14 14 40 40 
16Aug/1630 14 12 80 45 
16Aug/1730 14 12 50 45 
17 Aug/1600 10 10 25 25 
17Aug/1630 13 13 80 65 

Variability in satellite-derived values of Re along the aircraft sampling track during 
the profile data collection segments is < 2 ^m, as is the variation in Re typically observed 
by the aircraft in the top 50-100 m of the cloud layers. The differences between the 
satellite and aircraft values of Re is within the range of differences noted for two 
independent droplet size probe systems that were operated on the aircraft (Gerber PVM 
and PMS FSSP). Sensitivity tests on calculated reflectances for stratus clouds with 
vertically increasing droplet size (Wetzel and Vonder Haar, 1991) indicate that for the 
conditions of Re and liquid water content profiles described here, the satellite-estimated 
Re represents the actual Re in the top 100 meters of cloud to an accuracy of 1-2 |j,m. 

Estimates of cloud liquid water path were obtained from the parameterization of 
satellite-retrieved cloud optical depth and effective droplet radius, and mapped over the 
satellite image domain. The summary of LWP intercomparisons shown in Table 1 shows 
a similar range of differences between aircraft and satellite values (up to 35 g m"2) as the 
range of variation in satellite-estimated LWP along individual sampled flight segments 
(up to 25 g m"2). 

The values shown in Table 1 are from different locations, sampling different 
portions of the cloud zone, so temporal differences on a given day or between days do 
not indicate overall trends. The magnitudes of aircraft and satellite estimates of Re and 
LWP are similar to those obtained for observational studies of California coastal stratus 
summarized for the FIRE-Stratus characterization program (Minnis et al., 1992). 
Intercomparison of the satellite and aircraft results for the COSAT '99 cases suggests a 
possible bias toward satellite underestimation of LWP. Since a comparable tendency is 
not seen in the comparisons of estimated and in situ droplet size, a bias in retrieved 
LWP estimates in those cases can be attributed to satellite underestimates of cloud 
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optical depth, likely caused by inhomogeneity within the satellite pixels. The overall 
agreement in the spatial variability and magnitudes of Re and LWP demonstrates that 
the retrieval methods can be applied to mapping the distributions of these parameter 
fields for comparison with forecast model output. 

3.2 COAMPS Model Implementation 

COAMPS is a three-dimensional nonhydrostatic forecasting model developed at 
NRL (Hodur, 1997). The horizontal resolutions of the three nested domains used in this 
study are 81, 27 and 9 km. The bulk-water cloud microphysics scheme follows Rutledge 
and Hobbs (1983). Output data for the 9-km grid resolution are used in this analysis. 
The model was run twice daily using a 12 h data assimilation update cycle, so that each 
forecast was initialized using a first guess analysis from the previous 12 h forecast 
combined with current observational data using a multivariate optimum interpolation 
scheme. The data assimilation was continuous through the month of August 1999. A 
36 h forecast was produced from the 0000 UTC run for flight planning purposes. The 
1200 UTC run produced a 12 h forecast in order to maintain the data assimilation cycle. 

The Rutledge and Hobbs (1983) scheme features five prognostic equations for 
the following species of water substance: water vapor, cloud water, rain water, cloud ice, 
and snow. Thirteen processes for conversion from one species to another are included. 
Of most interest in this study are conversions to and from water vapor and cloud water 
and the autoconversion of cloud water to rain water. The autoconversion threshold is 
fairly high, so that the model produces rain water only after attaining 1 g kg'1 liquid water 
mixing ratio and thus the model is unable to produce drizzle. The lack of this important 
sink of cloud water results in an over-prediction of liquid water content. 

COAMPS does reproduce the observed strong cloud top cooling over a shallow 
layer due to longwave radiative flux divergence. The turbulence scheme responds to 
destabilization of the cloud top by producing large turbulence intensity, promoting 
entrainment and strengthening of the inversion. This tightly coupled, nonlinear 
interaction between clouds, radiation, and turbulence is critical in correctly modeling the 
evolution of marine stratus and stratocumulus (Oliver et al. 1978; Thompson et al. 1997). 
The COAMPS model was run in two modes; first using 30 vertical levels in the 
'operational' mode as was carried out for the realtime forecasting during the field project; 
and then using 45 levels in 'high resolution' research mode, with 60 m vertical resolution 
in the lower levels (to 1600 m altitude). 

The COAMPS model's sigma level data, and the output fields closest in time to 
the aircraft observing period, are used for analysis. In the cloud microphysics scheme, 
water substances are divided into four categories, cloud water, rain water, ice crystals 
and snow. For purposes of comparison to satellite and aircraft data, liquid water path 
was derived by vertical integration of cloud water mixing ratio greater than 10"7 kg kg"1 

between cloud base and cloud top, scaled for each layer from mixing ratio to liquid water 
content. 

li 



3.3 Case Study of 9-11 August 1999 

Detailed analyses have been completed for several case studies including multi- 
day sequences. A three-day sequence of August 9-11 was selected due to the 
observed evolution of the boundary layer dynamic structure and cloudiness as well as 
the availability of simultaneous satellite and aircraft datasets. The synoptic pattern is 
characterized by a weak surface trough over the western U.S. and an offshore high to 
the northwest of the project area, with passage of a weak upper-level trough across the 
northern Oregon coastal region during August 10-11. 

Model forecasts of the temperature and cloud liquid water content for 9-11 
August are shown in Figure 8, using grid-point vertical profiles selected from the area of 
the aircraft sampling flights. The areas of aircraft flights are shown as graphic overlays 
on a sequence of visible satellite images from this period (Figure 9). During this three- 
day sequence, the COAMPS MBL deepens significantly and the cloud field transitions 
from scattered thin stratus to banded, cellular stratocumulus with very high cloud liquid 
water content. Examination of 3-hourly cross sections (not shown here) extending from 
the coast to 130W (-500 km distance) and from the surface to 3 km indicates that 
initially the MBL is 300-500 m deep with scattered clouds. The clouds become more 
extensive during the period and by 0000 UTC 10 August they span the entire cross 
section. The MBL begins to deepen rapidly at 30 hours as the cloud thickness 
increases. By 36 h (1200 UTC 10 August), the mean boundary layer depth is -750 m 
and the cloud layer is uniformly 600 m in depth. The MBL continues to deepen over the 
next 12 hours while the cloud thickness decreases and inhomogeneities develop in the 
cloud liquid water content. By 48 hours (0000 UTC 11 August), the cloud layer is 
discontinuous with individual elements exhibiting vertical development, suggestive of a 
transition from stratus to stratocumulus. The inversion at the top of the MBL reaches an 
elevation of ~ 2 km with significant stratification in the upper part of the MBL both within 
the clouds and in clear areas between cloud elements. 
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Fig. 8(a). COAMPS predicted profiles of temperature (deg C) on 9 August (black), 10 
August (red) and 11 August (blue) for grid point profiles taken in the region of aircraft 
sampling. 
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Fig. 8(b). COAMPS predicted profiles of cloud liquid content (LWC, g m'3) on 9 August 
(black), 10 August (red) and 11 August (blue) for grid point profiles taken in the region of 
aircraft sampling. 
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Fig. 9(a).   GOES visible satellite image at 1800 UTC on 9 August 1999, with graphic 
overlay to indicate the general area of flight sampling. 
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Fig. 9(b).   GOES visible satellite image at 1800 UTC on 10 August 1999, with graphic 
overlay to indicate the general area of flight sampling. 

15 



Fig. 9(c).   GOES visible satellite image at 1800 UTC on 11 August 1999, with graphic 
overlay to indicate the general area of flight sampling. 
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Figure 10(a) shows the 18-hour forecast of vertically integrated cloud water path, 
valid at 18 UTC on 9 August. The maximum LWP values for the coastal cloud are in the 
range 0.1 - 0.2 kg m"2 . Figure 10(b) shows the model domain again, with an inset 
depicting the satellite-derived LWP. This sub-area is selected for detailed analysis of 
aircraft data for coastal cloud sampling. Maximum values of satellite-derived LWP are 
0.05- 0.1 kg m"2 for this coincident time period. Also note the correspondence of the 
COAMPS-predicted cloud features along the north, south and west edges of the inset 
image. 
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Fig. 10(a). COAMPS forecast of LWP (kg rrf2) for 2100 UTC on 9 August 1999. 
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fields were also re-analyzed into the same area map projection as the satellite-derived 
LWP gridded dataset (as shown in the inset of Fig, 10(b)). Fig. 12 and Fig. 13 present 
pairs of these corresponding LWP fields. Again, the similarity in the cloud field evolution 
can be seen between the satellite and model data. Also note the correspondence in the 
increasing extent of cloud field incursion onshore. However, notable differences occur in 
the magnitude of the maximum LWP values. The satellite-estimated LWP fields for the 
coastal cloud (Figure 12) reach a maximum of approximately 0.15 kg m" on 10 August, 
and 0.20 kg m"2on 11 August. In contrast, the model-predicted LWP fields (Figure 13) 
indicate maximum values near 0.5 kg m"2on 10 August, and exceeding 1.0 kg m" on 11 
August. 

42„00h     1800Z IQ.AtfS 199910 jn yqc 

Fig. 11(a). COAMPS simulations of LWP at 18 UTC on 10 August. 
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Fig. 11(b). COAMPS simulations ofLWPat18 UTC on 11 August. 
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(a) (b) 

Fig. 12. Satellite-estimated LWP at 18 UTC for (a) 10 August 1999 and (b) 11 August 
1999, for the inset area shown in Fig. 10(b). 
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Fig. 13. Model-estimated LWP for 18 UTC on (a) 10 August 1999 and (b) 11 August 
1999, corresponding to the area and map projection shown in Fig. 12(a) and Fig. 12(b). 

Values of aircraft-estimated LWP for August 9-11 can be viewed in Table 1, but it 
should be noted that the values of LWP in this table are for specific short flight segments 
used in the satellite-aircraft comparisons, and do not represent the full range of values 
expected in the cloud field. A larger composite of aircraft measurements is presented in 
Figures 14-16, which portray the time-averaged mean and 90th percentile values of 
liquid water content as well as liquid water path for the sampling flights of August 9, 10 
and 11. The values indicate agreement with the satellite estimates of LWP for Aug 9-11 
as shown in Fig. 10(b), Fig. 12(a) and Fig. 12(b). 
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LWC profile, using DMT probe. 
1000 i   i   i   I  i   i   i   I   i   i   i 1   '   ' 1)111 

199SOS09 1642-2005 

800 - 

BOO - - 

400 

-•■;■■■■*'■■■•*.■.■.#&*<*$::■ 

- 

200 

- ^^$?l?a              mean LWP = 105 (g/rn2) 

iJlßfffisr                    90 percentlle LWP = 143 (g/ma)     . 

0 ■    i    i    1   i    i    i    1    i    i    i 1    .    . i    1    i    i    i 

0,0 0,2 0,4 0,6 
LWC (g/m3) 

0,8 1.0 

Fig. 14.   Profile of LWC obtained from the entire flight of the King Air on 9 August 1999. 
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Profile of LWC obtained from the entire flight of the King Air on 11 August 

The aircraft data are temporal composites which include all cloud layers within the 
sampling period, including different zones of the cloud field, which combines deep and 
shallow cloud areas, so the composite aircraft LWP can be larger than most of the grid 
points in the satellite-derived LWP fields. Aircraft composite values of mean LWP are 
104 -140 g m"2 for August 9, corresponding to maximum satellite LWP of 85 g m"2; on 
August 10 the aircraft values are 116 -175 g m"2, while satellite estimates are 
approximately 150 g m"2; on 11 August the aircraft LWP values ranged 152 -177 g m"2 

while the satellite values reach approximately 200 g m"2. Thus, the aircraft data confirm 
the trend and magnitudes in LWP as mapped from the satellite estimates, and indicate 
correspondence to the evolution of the cloud water vertical profiles predicted by the 
COAMPS (Fig. 8(b)). 
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The transition in cloud microphysical conditions was also evaluated by study of 
the  variation  in  background  average  cloud  condensation   nuclei  (CCN)  and  the 
corresponding mean cloud droplet concentrations over the three-day period.  The CCN 
were sampled using a CCN counter (Vali et al. 1995) at 5 different supersaturation levels 
(0.2%-1%).  The data represents a large amount of scatter on all three days, but clear 

it 
trends can  be deduced.     When fit to the  N=C S    form  (where  N  is the CCN 
concentration, C is a constant representing the number of CCN at 1% supersaturation, S 
is the supersaturation and k is the slope parameter), the mean CCN spectra result on 

the three days of interest were N=630 S14, N=820 S045, and N=320 S097, 
respectively. These values are subject to substantial errors, as the standard deviations 
at each supersaturation level were generally between 60-70% of the mean. 

A comparison to the mean cloud droplet concentration on the three days 
(unfortunately number concentrations are missing on Aug 10 when the FSSP was lost) 
shows a general agreement with the trend and suggests effective supersaturations of 
approximately 0.3% on Aug 9 and 0.1% on Aug 11.  The corresponding cloud droplet 

concentrations and their standard deviations are 139 ± 37 cm-3 on Aug 9, and 63 ± 39 

cm'3 on Aug 11. Trends in CCN and cloud droplet concentration data suggest a 
transition to a cleaner maritime air mass on Aug 11. 

The diagnosed overestimates in the model-predicted LWP may be caused by 
inadequate microphysical parameterizations of the model, such as the high threshold 
(1.0 g kg"1) for autoconversion from cloud water to rain water (Kong, 1999). The 
mapped distributions of satellite-derived LWP indicate that modifications to model 
microphysical parameterization may be necessary. An experimental change in the 
autoconversion threshold was utilized to test the model sensitivity to this parameter. 
Figure 17 presents the 18 UTC forecast for 10 August, for a COAMPS simulation where 
the autoconversion threshold was reduced from 1 to 0.5 g kg"1. This change in the 
threshold parameter caused a substantial reduction in the predicted LWP field. On the 
other hand, the model results indicated other undesirable effects of the parameter 
change, such as a vertical boundary layer profile with less similarity to the observed 
conditions. Thus, additional research is needed to investigate methods for representing 
the feedbacks between liquid water development, precipitation, and boundary layer 
convection. 
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Fig. 17.   COAMPS simulation ofLWPat18 UTC on 10 August as in Fig. 11 (a), but for a 
change in the precipitation autoconversion threshold. 
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3.4 Additional Diagnostic Products 

A variety of diagnostic procedures can be implemented by combining the satellite 
and model products for analysis of marine stratus, such as difference fields of model- 
satellite LWP. Temporal tendencies in satellite-observed parameters have also been 
mapped. The 2-hour tendency of LWP (Figure 18) indicates the location and magnitude 
of cloud layer evolution. Areas of increasing LWP during the morning hours help locate 
areas of enhanced updraft development and cellular structure, while areas of decreasing 
LWP such as that seen in the bay along the central coastline indicates erosion of the 
stratus cover. Tendency fields which indicate an increase in Re could be used for short- 
term prediction of drizzle onset. The relationships between drizzle production, Re and 
LWP are being studied using the aircraft microphysical and radar data from this 
experiment. Temporal changes in droplet size could also reveal local fluctuations in 
aerosol concentration. 

Composites of parameters can be produced by averaging parameter values such 
as Re at the same time on multiple days, for all days on which each pixel was cloudy and 
had a retrieved value of that parameter. Such climatologies of satellite-derived 
microphysical parameters can be extremely useful in classification of meteorological 
scenarios. For example, comparison of an Re field with the "typical" climatology of cloud 
droplet size for a given time of day can be applied to model analysis and short-term 
forecasting of the subsequent cloud layer evolution. 
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Fig. 18. Temporal trend LWP (g m"2) for 16-18 UTC, 9 August. Note the decreasing 
LWP (blue shading) over this two hour period (9-11 am LT) for the small bay (inland of 
white coastline, in lower portion of image), while LWP increases for the region a short 
distance offshore. 
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4.0 Summary 

Analysis of case studies for coastal stratus offshore of Oregon has been used to 
demonstrate satellite remote sensing of cloud droplet effective radius (Re) and liquid 
water path (LWP) for evaluation of mesoscale model forecasts. Intercomparisons of 
satellite-derived and aircraft datasets are used first to validate the satellite retrieval 
method for LWP. Secondly, the satellite, aircraft and COAMPS model intercomparisons 
reveal that there is very strong correspondence in the model 18-hour forecasts and 
satellite-observed cloud distribution and layer evolution, as well as in the three-day 
transition of the model-predicted and aircraft-observed cloud base and top heights. As 
the cloud layer evolves, however, COAMPS overpredicts the magnitude of cloud layer 
liquid water path, where maximum values of LWP are 3-4 times as large as those 
indicated from the observational data and mapped satellite estimates. 

The model overprediction of LWP was somewhat reduced by increasing the 
number of vertical levels from 30 to 45, due to enhancement in the vertical grid 
resolution both within and above the boundary layer. Analysis of model-satellite LWP 
differences suggested the need for modifications of COAMPS current microphysical 
parameterization. A model experiment in which the liquid water autoconversion 
threshold was decreased from 1 to 0.5 g m"3 demonstrated further improvement in the 
magnitudes and horizontal distribution of predicted LWP. 

It is not yet operationally feasible to operate the COAMPS model with 45 vertical 
levels at all times, so the satellite LWP fields could be used to identify situations where 
the higher vertical resolution is warranted on a temporary basis. The satellite retrieval 
methods can provide Re and LWP fields with a spatial and temporal continuity, which is 
not available from other sources. Satellite-based analysis of these cloud parameters 
can also be used to create regional climatologies of cloud layer parameters, and to 
monitor cloud-aerosol interactions (Wetzel and Stowe, 1999). The overall results of the 
research just concluded support the rationale for assimilating remotely-sensed cloud 
liquid water path and perhaps even droplet size into COAMPS. Such assimilation can 
improve moisture initialization and cloud physics parameterizations at startup and during 
model runs. The field data from the COSAT '99 project was also used to test a new 
microphysical parameterization for COAMPS which has been developed at the 
University of Oklahoma. The results (provided by D. Mechem) demonstrate an 
improvement in the predicted cloud liquid water distribution, and point to an increasing 
need for satellite retrieval products for evaluation of the spatial distribution of predicted 
cloud field variables, particularly in remote regions where in situ measurements are not 
possible. 

During the course of this research project, M. Wetzel initiated a collaborative 
project with Paul Tag and others at NRL-Monterey to implement the stratus 
microphysical retrievals for the NRL initiative on Data Fusion for Weather Assessment 
(DaFWA; Tag et a/., 2000). In addition, discussions with Tracy Haack and Steve Burk at 
NRL led new ideas on the potential use of satellite-retrieved parameters on the 
boundary  layer thermodynamic  profile for applications  in  atmospheric  refractivity 
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mapping (Haack and Burk, 1999). Finally, we have suggested a cooperative 
observational and modeling effort with our NRL collaborators in conjunction with the 
upcoming DYCOMS-II field program in Summer 2001, which will focus on the structure 
and prediction of nocturnal stratus. These ideas have been incorporated into proposals 
for continued research in partnership with the NRL science teams. 
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