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Retrieval of Marine Stratus Cloud Droplet Size
from NOAA-AVHRR Nighttime Imagery
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Melanie A. Wetzel,! Randolph D. Borys,! and

Douglas H. Lowenthal

A method for retrieval of the droplet radius and tem-
perature of oceanic stratocumulus is presented. It is
based on night imagery obtained from the infrared chan-
nels of NOAA-AVHRR and an atmospheric radiative
transfer model that makes use of the discrete ordinate
method DISORT. It uses the observed satellite brightness
temperature differences (BTD) between channels 4 and 5
to obtain the cloud temperature and between channels 3
and 4 to extract the effective radius of the cloud droplets.
We also studied the peculiarities of the method, taking
into account the behavior of the single scattering parame-
ters, deduced from Mie theory, with droplet size. Results
obtained are compared with in situ data collected at the
Canary Islands (Spain) during summer 1996. O Elsevier
Science Inc., 2000

INTRODUCTION

Clouds play an important role in the radiation budget of
the atmosphere and surface. Radiative transfer calcula-
tions have been used to develop models to extract the
optical parameters of clouds, since the radiative transfer
process through the atmosphere relies on the geometric
and optical properties of clouds. The most important pa-
rameters of clouds include the macroscopic (e.g., frac-
tional coverage, height, and thickness) and the micro-
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scopic, including water content, droplet size, and its
phase. In turn, the sizes and number of droplets are re-
lated with the cloud condensation nuclei (CCN) concen-
tration present during the cloud formation (Twomey,
1977; Twomey et al., 1984). In recent years, data from
multispectral radiometers have been used to extract
these parameters, especially data provided by the Ad-
vanced Very High Resolution Radiometer (AVHRR) on
board National Oceanic and Atmospheric Administration
(NOAA) operational satellites.

Numerous studies have addressed getting the pa-
rameters that characterize clouds of very different na-
ture, from fog (Wetzel et al., 1996) to cirrus (Ou et al.,
1993), including midlevel and low clouds, such as strato-
cumulus, and even overlapping clouds at different
heights (Baum et al., 1994). Relationships between the
different satellite channels are used in both the visible
and the infrared regions, to obtain the microscopic and
macroscopic parameters.

For the present work, we accomplished a detailed
study of the retrieval of cloud parameters (effective ra-
dius and mean temperature) starting from AVHRR infra-
red channels and a radiative transfer model. This study
has been developed for night imagery, due to the simpler
interpretation of data provided by AVHRR channel 3
(3.7 um). Due to its spectral range, the radiance received
by this sensor is the sum of two contributions, one from
solar radiation reflected by the earth’s surface and atmo-
sphere and the other from the electromagnetic energy
emitted by these targets (thermal emission). For daytime
analysis the interpretation of the upwelling radiance cor-
responding to this band is complicated by the significant
solar radiation scattered by particles of clouds, although
recent studies have addressed methods to split out both
of these contributions to the total radiance detected by
the sensor (Rao et al., 1995, Herrera et al., 1999).
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Figure 1. Theoretical brightness temperature differences (BTD). Dependence of BTDy, on (a) effective radius of cloud drop-
lets, 7, and (b) mean temperature of cloud layer, T,; dependence of BTDy; on (c) ryr and (d) T..

This study is applied to data corresponding to the
Canary Islands region, at approximately 28°N, 16°W, in
the North Atlantic near the northwest coast of Africa.
The specific clouds of the Canarian Archipelago, in par-
ticular those in the north side of the islands of higher
orography, are due to a stratocumulus layer, denomi-
nated sea of clouds, that reaches a notable horizontal de-
velopment but whose thickness is quite variable due to
dynamic factors, such as the stability of the atmosphere,
and geographic factors, such as altitude and orientation
of the mountains (Marzol et al., 1994). Of the factors
contributing to the formation of this cloud cover, the

most important is the subsidence thermal inversion char-
acteristic of the Alisios regime.

The sea of clouds does not maintain the same fea-
tures all year long, being more frequent but shallower in
summer. The thickness increases in spring, autumn, and
winter due to the invasion of polar marine air, and di-
minishes in summer due to the frequent advections of
warm air from Sahara. Cloud top altitude also varies,
reaching as much as 2000 m in winter but seldom ex-
ceeding 1100 m in summer, because the moist inferior
Alisios layer is compressed by the subsident air (Marzol et
al., 1988)—the upper Alisios layer being warmer and dry.
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Figure 2. Dependence of BTDj, on effective radius of
cloud droplets showing nonmonotonic behavior.

We present the basic radiative transfer theory and
the results supplied by the numerical model. These re-
sults are expressed as brightness temperatures differ-
ences (BTD) deduced from the simulated radiances ob-
tained for AVHRR channels 3 (3.78 um), 4 (10.8 um),
and 5 (12.0 um). Results are presented in terms of BTD
between channels 3 and 4 (BTD,,) and between chan-
nels 4 and 5 (BTD,s) versus channel 4 temperature (T,).
This model is used to retrieve the effective droplet ra-
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dius and mean temperature of the cloud layer. These re-
sults are compared with in situ measurements taken in
the summer of 1996 by the Desert Research Institute of
Nevada in the north of Tenerife Island (Canary Islands,
Spain). Finally, we study the applicability of this proce-
dure to satellite data through a sensitivity analysis.

RADIATIVE TRANSFER MODEL

The development of a method to extract the macroscopic
and microscopic parameters of a cloudy cover requires a
numerical model for the theoretical calculation of radi-
ance that reaches the top of the atmosphere. However,
the exact representation of the earth-atmosphere system
is very complex due to the variety of components that
must be taken into account. It is therefore necessary to
make a set of assumptions that allows us to characterize
the cloud cover, the surface under it, and the remainder
of the atmosphere through which radiation propagates to
reach the satellite.

Let us consider a planar homogeneous cloud layer,
parallel to the surface, also considered homogeneous and
with an emissivity of 1. We also suppose that the atmo-
sphere over the cloud is a clear window and the layer
located between the surface and the cloud is composed
only of water vapor. As noted above, the subsidence in-
version in Canary region tends to limit the majority of
water vapor to below the cloud top.

In general, clouds are a semitransparent medium, so
that the radiance received by the sensor is the addition
of two components, the cloud itself and the underlying
surface. Under dry and cloudless atmospheric conditions,

Figure 3. Normalized area between the theoretical curves for several effective radii and horizontal axis in the diagram: (a) BTDay;

(b) BTDs.
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the brightness temperature differences between the
thermal channels of the AVHRR are typically small over
most surfaces. As moisture increases, the differences be-
tween the temperatures obtained in the different chan-
nels become larger, as channel 5 appears colder than
channel 4, which in turn has a temperature lower than
channel 3 (Hutchison et al., 1991). The atmospheric at-
tenuation is greater at 12 ym than at 10.8 um, and 3.7
um experiences the lowest attenuation. Therefore, the
radiance that reaches the bottom of a cloud layer is af-
fected in different ways for each satellite band.

Stratocumulus are modeled as being composed of
spherical water droplets with a gamma size distribution
and an effective radius r.s defined as (Hansen and
Travis, 1974)

J:rgn(r)dr

Teff=W (1)

where n(r) is the cloud droplet concentration with radius
between r and r+dr. To account for the geometrical
cloud thickness and the total concentration of particles,
we will make use of the optical thickness, 7, defined by

o= [Qu(r/A)mn(r)drAh )

where Ah is the geometrical thickness of the layer and
Q. is the extinction efficiency that, for spherical particles,
could be calculated following the Mie scattering theory

Figure 4. AVHRR channel 4 image of
Canary Islands region on 26 July 1996.
The box outlined is the image analysis
area, with a large area covered by strato-
cumulus and located near the ground-
based sampling site.

(Wiscombe, 1980, Nussenzveig and Wiscombe, 1980,
Bohren and Huffman, 1983). We used the complex re-
fractive index for water reported by Seglestein (1981) for
the wavelengths corresponding to each channel. This op-
tical thickness will be specified for channel 4 (10.8 um),
obtaining from it the corresponding values for channels
3 and 5 according to the relationship between the re-
spective extinction efficiencies:

T35 = MH (3)
Qe(4)

We calculate from Mie’s theory the single scattering al-
bedo (percentage of the incident beam that will be scat-
tered in each scattering event), as well as the angular dis-
tribution of the scattered energy, represented by the
phase function. This is computed from the Legendre
polynomial expansion (Dave, 1970).

In this way, given the characteristic parameters of
cloud droplets, we applied a radiative transfer numerical
method with the aim of simulating the theoretical radi-
ances received by satellite. We used a multiple scattering
radiative transfer model based on the discrete ordinates
method (DISORT) (Stamnes et al., 1988, Tsay et al.,
1990). This method includes the effects of multiple scat-
tering, absorption, and emission within an atmospheric
layer, assuming that the atmosphere consists of a certain
number of homogeneous adjacent layers, where for each
layer the single scattering properties are constant.
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Figure 5. Same curves as in Fig. 1, superimposed on satellite data for case A image.

Once the simulated radiances are obtained, the corre-
sponding brightness temperatures are calculated for the
central wavelengths of three bands (channels 3, 4, and 5)
of the AVHRR through the Planck function. To study
more directly the radiative differences between these
channels, we used diagrams of the brightness temperature
differences, specifically between channels 3 and 4 (BTD;,)
and between channels 4 and 5 (BTD,;). Both are repre-
sented as a function of channel 4 temperature (T)).

Model Behavior

Here we present the results obtained by running the
model described above. With this aim we will study the
behavior of the BTD diagrams upon varying the charac-

teristic parameters of the cloud: the effective radius of
the particles, the mean temperature of the cloud layer,
and its optical thickness.

To study the dependence of upwelling channel radi-
ances with the effective radius of the droplets that com-
pose the cloud, we ran simulations starting from a fixed
temperature for the system formed by surface plus the
portion of atmosphere under the cloud (T), which is de-
termined from clear-sky pixels. This temperature is dif-
ferent for each of the channels, because, as we have
noted, the absorption of the water vapor is not constant
for the different bands in the infrared and the radiance
that arrives to the cloud bottom is modulated by this ef-
fect. To account for cloud optical thickness, we varied
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the model optical thickness for channel 4 from 0 to 50,
to simulate all cases between cloudless pixels and those
containing clouds so dense or deep that they are opaque
to the radiation.

Figure la shows the effect on the BTDj, vs. T} dia-
gram of varying the effective droplet radius. These
curves were obtained for a cloud temperature of 285 K
and an under-cloud temperature T,=290 K for channel
4 and 291.5 K for channel 3. For each of these curves
we specified the cloud droplet size, while optical thick-
ness was varied taking the values given above. The set
of curves corresponds to effective radii of 4, 6, 8, 10,
and 12 um. These values were selected to show a general
tendency, but detailed study was left for later investiga-
tions. It can be seen that, for small optical thickness, the
radius influence is not very appreciable. Thus, curves are
rather close together and near to the starting point that

Figure 6. Sum of the distances
of every point of the selected box
for case A to theoretical curve
for a range of effective radii and
cloud temperatures (cost func-
tion): (a) BTDy, case; (b) BTDys
case.

represents cloudless pixels. When optical thickness in-
creases, the differences become more appreciable, al-
though all of the curves reach the same temperature in
channel 4 for great values of optical thickness. These dif-
ferences are caused by the intrinsic properties of the
cloud layer, because transmissivity, emissivity, and reflec-
tivity depend on the droplet radii. As optical depth in-
creases, BTD;, diminishes, passing through zero and be-
coming negative. This effect is mainly due to light
scattering by cloud droplets. For large radii the behavior
is similar to that presented by high clouds (Hutchison et
al., 1995).

In the same way, it is necessary to know the model
behavior for different values of the mean temperature of
the cloud layer. Figure 1b presents BTD;, vs. Ty for a
constant radius of 8 um and the same conditions as the
previous case for T,. The curves correspond to cloud
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Figure 7. Phase changes of BTD;, cost function for case A,
for T.=285.2 K, in relation to normalized area as explained
under Model Behavior.

temperatures T.=284, 285, 286, and 287 K. From this
diagram it can be inferred that a small variation of T,
causes a significant displacement in the BTDj, character-
istics.

A similar study has been conducted for the diagram
BTD,; vs. Ty. Figure lc shows the behavior of the model
for the same set of radii used in Fig. la. In this case, T\
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for channel 5 is 288.6 K. Note also that BTD,; reaches
zero as optical thickness increases. This behavior differs
from that seen for BTD;,, as cloud layer scattering in the
thermal infrared bands is practically negligible. Further-
more, the curves for different radii present less apprecia-
ble differences, since channels 4 and 5 of the AVHRR
are near each other in the electromagnetic spectrum and
so radiative parameters that characterize the droplets
(single scattering albedo and phase function), extracted
according to Mie theory, are similar. Regarding the influ-
ence of cloud temperature on the model, we can see in
Fig. 1d that, as with BTD;,, small variations in T. imply
large distances between curves. For this case, we used
the same T. values as in Fig. 1b.

At first glance, from Figs. la and lc we can see a
monotonic behavior upon varying the radius; that is,
upon increasing r. the curves are always displaced in the
same direction. However, this appearance is due to the
parameter discretization used to calculate the different
curves, taking r. in 2-um intervals. It might be assumed
that, given a point between two of these curves, the cor-
responding radius would be obtained carrying out a sim-
ple interpolation. However, if we increase the number of
curves, making the gap between radii smaller, we see
that this is not so, because the displacement direction of
the curves is no longer uniform with increasing radius.
For example, in Fig. 2 we represent the curves corre-
sponding to r.;=6.8, 7.6, and 7.8 um under the same
conditions as in Fig. la. The curve corresponding to
rer=7.8 um does not follow the same tendency of BTD,
with increasing rop. A similar but smaller effect occurs
for BTD,; (data not shown).

Figure 8. Case A scattergrams with the best fits obtained through the proposed method in both the (a) BTD;, and (b) BTD,;

diagrams.
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To make a more detailed analysis of the position of
model curves upon varying the effective radius, we rep-
resent the area included between each curve and the
straight line parallel to abscissa axis that includes the
point that characterizes the cloudless pixel, in a similar
way to Wen and Rose (1994). This is possible because
all curves reach the same channel 4 temperature for a
fixed T.. These calculations give us a function Az(r), de-
pendent on the effective radius that is related with the
position of each of the curves within the diagram. In Fig.
3a this normalized function is represented opposite the

Figure 10. BTDy, cost function for case B, for a mean
temperature of cloud layer T,=284.45 K.

1.0 T ’ T l T

Normalized cost function

Figure 9. AVHRR channel 4 im-
age of Canary Islands region on
19 July 1996. Note that the se-
lected box is displaced from the
ground-based sampling site on
Tenerife due to the require-
ments of the proposed method
(both cloudless pixels and dense
clouds present in the box).

radius. As we can see, the function As(r) is not mono-
tonic with the radius and, therefore, several effective ra-
dii will exist that provide the same curve in a diagram of
BTD,, vs. T,. This implies that the effective droplet ra-
dius cannot be uniquely recovered using only these di-
agrams.

If we repeat the process for the case of channels 4
and 5, we get the function represented in Fig. 3b. In this
case, the function displays nonmonotonic behavior in the
rep range of 4-7 um.

Data Acquisition

In the present study we used ground-based data and
NOAA satellite imagery. The in situ data were acquired
during a field campaign carried out by R. Borys and D.
Lowenthal (Borys et al., 1998) on the northern corner of
Tenerife in the Canary Islands during the summer of
1996. The sampling site, Pico del Inglés (16°16'W,
28°22'N), is on a ridge at an elevation of 922 m. As al-
ready mentioned, the height of the inversion layer is low-
est during the summer period, and the sampling site is
frequently immersed in the cloud layer. In-cloud micro-
physical measurements can be made directly from the
ground, in an atmosphere that represents the marine at-
mospheric boundary layer of the eastern tropical Atlantic
Ocean. Notably, there are no significant pollution
sources upwind of the site.

Cloud microphysical and bulk cloud water chemical
sampling was conducted from a 10-m tower at night, to
avoid ground-induced heating and cloud dissipation and to
minimize contamination from vehicular traffic (Borys et
al., 1998). The droplet size distribution was obtained from
a PMS Forward Scattering Spectrometer Probe (FSSP-
100HV) optical sensor. The data were integrated continu-
ously over 60-s intervals and averaged over 30-min peri-
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ods. These data were collected from nightfall to midnight.
The tower sampling method is estimated to represent the
midpoint of the cloud, and is both close to the orographic
cloud base, located down the slope at an elevation about
100200 m below the sampling location, and close to the
cloud top, as estimated from balloon soundings and com-
parisons of in situ cloud temperature and satellite esti-
mates of cloud top temperatures.

Image data included in this study consist of High
Resolution Picture Transmission (HRPT) data from
NOAA-AVHRR received at the Communication and Re-
mote Sensing Laboratory at the University of La Laguna,
Tenerife, Canary Islands. These data are collected and
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Case B scattergrams with the best fits obtained through the proposed method in both the (a) BTDj;, and (b) BTD,;

processed using TeraScan equipment and software devel-
oped by SeaSpace Corporation.

We used data from the NOAA-14 satellite because
it crosses our station at approximately 0300 GMT, closest
to the in situ observation time. Therefore, we only used
thermal AVHRR channels, with digital values converted
to brightness temperatures using temperature-specific
channel calibration coefficients extracted from calibration
parameters transmitted by the satellite, and the Planck
blackbody function (Kidwell, 1995). A slight nonlinearity
in channels 4 and 5 is corrected using a quadratic func-
tion of radiance (Young, 1995).

Satellite imagery were analyzed for every day for

Table 1. Results Obtained for the Whole Dataset

In situ measurements:

Extracted parameters

Date Time-averaged Cloud temp. Effective radii

mm-dd-yy  effective radius (um) T, (K) et (Um)
06-11-95 5.41 282.85 5.35, 5.80, 6.30

06-22-95 5.07 286.15 5.95, 6.15, 6.40, 6.70, 6.85
06-25-95 4.79 280.70 4.35, 4.80, 5.25

06-29-95 5.67 282.70 5.70, 5.85, 6.30

06-30-95 5.07 284.0 4.85, 5.30, 5.80

07-05-95 4.88 286.95 5.90, 6.15, 6.40, 6.70, 6.85
07-05-96 9.14 284.40 7.85, 8.25, 8.25, 8.55, 8.75
07-07-96 7.61 283.45 7.35, 7.60, 7.75, 8.05, 8.25
07-18-96 5.45 285.10 6.00, 6.15, 6.40, 6.70, 6.85
07-19-96 5.91 284.45 4.90, 5.30, 5.80

07-20-96 5.76 284.90 5.40, 5.65, 5.85

07-25-96 6.29 285.70 6.45, 6.65, 6.90, 7.05, 7.30
07-26-96 7.70 285.20 6.45, 6.65, 6.90, 7.20, 7.35
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Figure 12. Dependence of BTD;, on underlying surface
temperature and atmosphere conditions below the cloud.
The curves correspond to droplet effective radius of 5 um.

which we have ground-based data. From these, we se-
lected two representative images in order to apply the
method developed for retrieval of the effective droplet
radius and mean temperature of the stratocumulus layer.

METHOD OF RETRIEVAL AND RESULTS

With the aim of retrieving the effective droplet radius
and cloud temperature from satellite night imagery, we

Figure 13. Effect of cloud cover on BTD;, for
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must select areas that contain both cloudless pixels and
zones containing very dense clouds. This provides points
with diverse optical thickness and so we can superimpose
the curves obtained with the theoretical model. If there
were no cloudless pixels, we could not estimate the tem-
perature under the cloud (Ty) for any of the three ther-
mal channels. If there were not optically thick clouds, we
could not estimate the temperature of the cloud layer.
Without intermediate points, there would exist multiple
curves, for several radii, that depart from and arrive at
the same points, such that we could not estimate the ef-
fective droplet radius.

To find the parameters that provide the curve that
fits satellite data within a limited box area on each image,
we should invert the model. Due to its complex form, it
is not feasible to invert it in analytic form, so we must
resort to numerical methods. With this goal, we defined
a cost function, dependent on 4 and T., that consists of
the sum of the distances (to each curve) of data from all
the pixels of the selected image area. The process of in-
version is therefore based on the search of the minimum
of this cost function.

The proposed method will be described using one
of the satellite images selected for this study. This al-
lows us to show the different steps using satellite mea-
surements.

CASE STUDY: A

The first image corresponds to 26 July 1996, showing a
quite homogeneous stratocumulus layer to the north of
the islands (Fig. 4). As the sampling site was located at

two effective radii: (a) 5 um and (b) 8 um.
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BTD34(K)
T

284 286 288 290 292
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Figure 14. Dependence of the retrieved radii on cloud temperature for the two case studies: (a) 26 July and (b) 19 July.

the north of Tenerife Island, we selected a box that in-
cludes a large area to the north of the island.

In Fig. 5a—d, we represent the same curves as shown
in Fig. la—d, but with satellite data from the selected box
added. We can see that, in general, the model follows
the data in both diagrams, but to find the cloud parame-
ters that provide the curves that best fit these data in
both diagrams we must search the cost function minima.
It is then necessary to know the shape of these cost func-
tions for BTD;, and BTD,s (Fig. 6). In Fig. 6a, we see
that in the BTD;, case we cannot use the typical meth-
ods used to obtain the minima of a multivariate function
because, starting from different initial values for r.; and
T. into our range of interest, different solutions could be
reached that produced a local minimum of cost function.

In the BTD,; case (Fig. 6b), the behavior of the cor-
responding cost function is less complex. Starting from
any point we obtain a convergence in T., but this dia-
gram is not very sensitive to variations in the radius.
Therefore, we will use the Downhill Simplex Method
(Press et al., 1992) to obtain only T, from the BTD,;
diagram.

Once this temperature is determined, we compute
the theoretical model results for AVHRR Channels 3 and
4 for a wide range of r;. We can then find the set of
radii that minimize the cost function in the BTD,, dia-
gram. This minimization is made in one dimension, vary-
ing only ry. The difficulty lies in the choice of these
minima; that is, from all local minima of the cost func-
tion we must select those that are smaller than the rest,
but the problem is to decide the threshold that allows us
to distinguish the correct ones. However, we can make
use of the phase changes that occur in the cost function.

In Fig. 7, we represent the A, function and the normal-
ized cost function for this case. As described above, the
Az function takes into account the proximity of the
curves for each r. to the horizontal axis while the cost
function reveals the distance from each of these curves
to that providing the best fit. For this reason, when the
cost function crosses the best fit, a phase change takes
place with respect to the Ay function. So, in Fig. 7, for
radii below 6.4 um, both functions reach their maxima
and minima for the same rg values. Then some phase
changes can be appreciated and, for large values, both
functions are in opposite phase. Therefore, from this be-
havior we can extract the effective radii. The method is
faster and simpler than using only the BTDj, diagram to
obtain both T, and r..

Applying this method we obtain, for the present case
A, a cloud layer temperature T,=285.2 K and effective
radii r.4=6.45, 6.65, 6.9, 7.20, and 7.35 um. These are
the values where phase changes were detected. The
measurements taken by the PMS Forward Scattering
Spectrometer for this day were made between 2030 and
2230 GMT, supplying a time-averaged effective radius of
7.7 um for this stratocumulus layer. In Fig. 8 we present
the BTDy, vs. T, and BTDy vs. T, diagrams for this box
and, superimposed, the theoretical curves with T, and r.q
that provide the best fit.

CASE STUDY: B

The second image included to show the behavior of the
theoretical model corresponds to 19 July 1996 (Fig. 9).
We can see a large area to the north of the archipelago
covered by dense and homogeneous stratocumulus. This
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Figure 15. Dependence of the
retrieved radii on clear-sky tem-
peratures in channels 3 and 4 for
the two case studies: (a) 26 July
and (b) 19 July.



wide layer presents some inconvenience because, as al-
ready noted, we cannot determine T if we do not have
any clear pixels and it is difficult to extract r. For this
reason, we selected a box that contains pixels with vary-
ing optical depth. This box is shown in Fig. 9. In the
same way as we proceeded in case A, we obtain a cloud
temperature of 284.45 K and r4=4.9, 5.3, and 5.8 um
(Fig. 10). In Fig. 11, we present the BTD;, vs. Ty and
BTD; vs. T, diagrams with the best fits. In this case, the
measurements at the sample site were made between
19:30 and 21:15 GMT and the effective radius measured
during this period averaged was 5.9 um.

RESULTS

The method just described and exemplified has been ap-
plied to those days when in situ measurements and night
satellite data were available. Table 1 shows the results
obtained for both cloud temperatures and discrete effec-
tive radii, and gives the time-averaged effective radii
measured in the summer 1995 and 1996 campaigns.
From this table we can see how the measured radii are
very similar during the 1995 campaign, but those for
1996 present a greater variation. In any case, the in situ
measured cloud droplet radii fall within the range of 4.5-
11.0 pm.

The extracted effective droplet radii are, in general,
in accordance with those obtained at Pico del Inglés. On
some days, however, such as on 22 June 1995, the large
difference between the retrieved and measured values
are due to the difficulty in obtaining a box near the sam-
pling site that satisfies the above-mentioned require-
ments.

Sensitivity Study

The set of radii obtained through the proposed method
are controlled by the parameters fixed at the beginning
of the procedure (i.e., cloud and clear-sky temperatures).
Uncertainties in any of these parameters will influence
the accuracy of the retrieval. Furthermore, we must bear
in mind the effect of broken clouds. Thus, we present a
sensitivity study of the method and apply it to the two
case studies.

The cloud temperature is retrieved from channels 4
and 5, as explained above. An error in this temperature
extraction causes a displacement of the curves, as dis-
cussed above under Model Behavior (Fig. 1b). In gen-
eral, when the cloud temperature is underestimated the
retrieved radii will be also underestimated and vice
versa, as can be appreciated from Figs. la and 1b. How-
ever, this behavior is only a general trend because of the
above-mentioned model oscillations when the radius is
varied.

In addition, the clear-sky temperatures, obtained
from cloudless pixels, determine the radiance reaching
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the cloud bottom. They therefore play an important role
in the retrieval method, because they fix the starting
point of curves in the BTD;, diagram. Figure 12 presents
the model behavior for a particular radius, 5 um, and
several conditions for the underlying surface and the at-
mosphere below the cloud. Curve A is the reference
curve. Curves B and C correspond to changes in the sur-
face temperature that, as we can see, lead to displace-
ments that are more important in the T, axis. However,
changes in atmospheric conditions, such as variations in
water vapor content, produce significant changes in both
axes (curves D and E). Thus, the combination of both
effects could cause displacements in any direction. Again,
as a general trend, when the perturbed curve is on the
left of the reference curve the retrieved radii are smaller,
because when the radius decreases curves are displaced
to the right.

Next, we look at the effect of considering broken
clouds in the theoretical model. Figure 13 shows the
model behavior when cloud cover is varied from 0 to 1
for two effective radii: 5 um (Fig. 13a) and 8 um (Fig.
13b). We can see that the main effect on the BTDy, dia-
gram is the broadening of the scattergram. Curves with
cloud cover less than 1 are below the curve representing
totally covered pixels. If we assumed that the histogram
broadening is due only to this effect, we would fit the
theoretical curves to the upper left edge of the scat-
tergram. However, the shape of the histogram depends
also on the other factors, cloud and clear-sky tempera-
tures. We therefore defined our cost function in terms
of least squares.

Finally, we examine how small errors in the estima-
tion of cloud and clear-sky temperatures affect the radii
retrievals for the two case studies. Figure 14 presents the
differences between the central radius of the set of re-
trieved radii for the selected cloud temperature, T,
and the central radius for other cloud temperatures, var-
ying from T. =2 K to T..s+2 K. Figure 14a corre-
sponds to the case A study and, as we can appreciate,
errors greater than 3 um are obtained when uncertainties
in the cloud temperature are about 2 K. However, these
displacements can be easily detected on the BTDj, dia-
gram. Nevertheless, when the cloud temperature varia-
tions remain below 0.5 K the errors are under 1 gm.
Similar results are seen for the 19 July case (Fig. 14b).

In the same way, we analyzed the effects of accuracy
in determination of clear-sky temperatures on the effec-
tive radius retrieval. Figure 15 shows the errors when the
temperatures in channels 3 and 4 are varied. The depen-
dence on channel 3 variations is stronger, because when
we displace vertically the starting point of the curves in
the BTDs, diagram, there do not exist radii that provide
good fits to the satellite data. Also, the uncertainties in
channel 4 temperature cause significant errors in the ra-
dii. Again, these deviations in the clear-sky temperatures
are easily appreciated when the theoretical curves are su-
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perimposed on satellite data, and small variations (below
0.5 K) lead to errors less than 0.5 um. Therefore, as can
be deduced, the dependence on cloud temperature is
stronger than on clear-sky temperatures; however, both
effects must be taken into account.

Concluding Discussion

A methodology for the retrieval of the characteristic pa-
rameters of low clouds has been developed using night-
time data from the NOAA-AVHRR thermal channels
and a radiative transfer model based on the DISORT nu-
merical algorithm. In this way, using channel 4 and 5
data, the mean temperature of the cloud layer is ob-
tained and, from it, the effective radius of droplets is ob-
tained using channels 3 and 4.

We examined the difficulty encountered when the
theoretical model is inverted, because several effective
radius and cloud temperature values exist that provide
the same thermal channel temperatures. Furthermore,
this behavior makes it difficult to use a procedure based
on the discretization of the effective radius and then in-
terpolate the results obtained from satellite data, because
two similar radii can provide quite different radiative
characteristics.

We applied the proposed method to images corre-
sponding to days when in situ measurements were made.
In one of the selected images, case A, we obtained five
values for the effective radius, but we cannot choose one
as the correct value because they all yield similar curves
in the BTD;, diagram. This set of radii cannot be consid-
ered as a continuous interval, since a value belonging to
this interval could provide a BTDj, curve quite far from
the satellite data. For this day, the smallest difference
between the radius measured by the PMS spectrometer
and one of the radii retrieved from the AVHRR data is
0.35 um; the largest is 1.25 ym. In the same way, for
the case B study the closest value differs by 0.1 gm, and
by 1 um for the worst case. In both cases the computed
radii are smaller than the values obtained in situ, but this
is not the general behavior found in the whole data set
(as can be seen from Table 1).

Nevertheless, to compare in situ data with the satel-
lite measurements of the cloud top, we must bear in
mind that the PMS spectrometer was located approxi-
mately at the midpoint of the cloud and, as is known,
particle size within the cloud increases generally from
the base to the top due to collision and coalescence.
However, the clouds sampled in the field experiment are
considered to be of very limited vertical extent (less than
400 m), and therefore the vertical variability in droplet
size is similarly limited.

Moreover, we must keep in mind that, in spite of
the uncertainties of the method studied, there are two
other factors that could provide differences between re-
trieval values and in situ measurements. The require-

ment of selecting a box that contains both clear regions
and regions with optically thick clouds implies that,
sometimes, we cannot choose this box near the sampling
site. Also, time differences exist between the satellite
overpass and the in situ observations.

In all the cases analyzed we can find a retrieved
value that differs less than the 0.4 ym obtained by the
PMS spectrometer, although the problem is to distin-
guish this radius from others supplied by the method.
Nevertheless, this method is capable of estimating a dis-
crete set of sizes of cloud particles, and warrants fur-
ther study.
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