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Introduction

Cumulus clouds attenuate solar radiation casting shows on the ground. Cumulus clouds can also
enhance solar radiation in the clear region nearby. The enhancement of down-welling solar radiation
has been observed at the ground level in the clear region near cumulus clouds (Mims and Frederick
1994). The additional diffuse radiation source from cumulus clouds makes the clear gaps appear to be
brighter from the space. If thiseffect is not accounted for, large errors may be introduced in aerosol
optical thicknessretrieval in the clear gapsin cumulus cloud field.

With 30 m resolution, the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) instrument can resolve
the clear gapsin fair weather cumulus cloud fields, allowing us to study the impact of cloud on clear-sky
radiative transfer. In this study, we demonstrate that such effect can be observed from the high-
resolution satellite instrument, and further be parameterized.

Data Description

The ETM+ on Landsat 7 has visible (bands 1, 2, and 3), near infrared (IR) (band 4), and mid-IR (bands 5
and 7) bands at 30-m spatia resolution, and athermal IR band at 11 pm with 60-m resolution (band 6).
In addition, the ETM+ has a panchromatic band with spatial resolution of 15-m. Theimproved ETM+
instrument has the ability to switch between high and low gain settings. The thermal band has both high
and low gain settings operating at the same time.

A Landsat 7 ETM+ scene centered at 36.04°N, 97.87°W was acquired at 17 Universal Time
Coordinates (UTC) on March 19, 2000, over the Oklahoma Southern Great Plains (SGP) Site of the
U.S. Department of Energy’s (DOE’s) Atmospheric Radiation Measurement (ARM) Program during
ARM Enhanced Shortwave Experiment (ARESE) |1 period (Figure 1). The solar zenith angleis
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43 degrees. The cloud cover of the 185 km x 180 km ETM+ scene is about 40 percent as shown in the
gray scaleimage. Theleft portion of the sceneis clear with afew small isolated cumuli. The right part
of theimage is covered with stratocumulus. Between the clear and the overcast are the scattered fair
weather cumulus clouds and cloud streets. The cloud spacing gradually decreases as cloud cover
increases from clear to overcast. Blowups of sub-images of 512 x 512 pixels (15 km x 15 km) from a
completely clear region, and three consecutive cloudy images at the bottom show details of cloud
structure (Figure 1).

During ARESE 1, the Balloon-Borne Sounding System (BBSS) (Lesht 1995) was launched from the
central facility every 3 hours to measure the vertical profile of the thermodynamic state of the
atmosphere and wind speed. The Millimeter-Wavelength Cloud Radar (MMCR) (Clothiaux 2000) and

Figure 1. An ETM+ image acquired at 17 UTC on March 19, 2000, over the SGP ARM Site in
Oklahoma. Blowup sub-images show details with a completely clear sub-image at left and three
consecutive sub-images with increasing cloud cover toward the right.
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Belfort Laser Ceillometer (BLC) (Turner 1996) located at the central facility site were operating
continuously to measure cloud reflectivity and to detect the cloud base. The BBSS, MMCR, and BLC
measurements show the cloud base at ~0.5 km and cloud top at ~1 km.

Data Analysis

Cumlus clouds can enhance the down-welling solar irradiance in the clear region nearby. In those clear
regions, an enhancement of the reflected solar radiation is also expected. However, cumulus cloud
fields are complex in nature (Cahalan and Joseph 1989, and Wielicki and Welch 1986). Other than the
evident shadowing effectsin high spatial resolution images, the effects of clouds on reflected sunlight in
clear patches are not obvious. Even if the cloud effects can be identified, it may neverthel ess be difficult
to identify the major characteristics of cumulus clouds that cause these effects.

The major difficulty describing the effects of cumulus clouds comes from the fact that the surface
reflectance subjectsto large spatial and temporal variations. However, the surface reflectance in the
visible (band 1 and 3) and the mid-IR (band 7) are highly correlated over vegetation, forest, and wet soil
(Kaufman 1997). Thisinformation was used to determine the path radiance of clear atmosphere (Wen
1999). In the clear region of the cumulus cloud field, the visible and mid-IR correlation is till evident
(Figure 2). Thelower envelopes of the visible and mid-IR relations are shifted upwards. The intercept
of straight line that fits though the lower envelope at zero of mid-IR no longer represents the path
radiance of the atmosphere. Thisintercept is defined as apparent path radiance.

The apparent path radiance is evidently enhanced compared to the path radiance in the clear region. The
enhancement of the apparent path radiance depends on the cloud spacing. Here, we used a mean cloud-
free distance to characterize the cloud spacing. The shortest distance from aclear pixel to acloud in the
principa planeis defined as cloud-free distance for the clear pixel.

The apparent path radiance of sub-images of 512 x 512 pixelsis plotted as a function of the mean cloud-
free distance (Figure 3). The average of true path radiance from clear region isused as areference. Itis
evident that the enhancement of the apparent path radiance increases as cloud-free distance decreases,
exceeding 0.025 and 0.015 for band 1 and band 3, respectively, when the mean cloud-free distanceis

< 0.5 km. The enhancement decreases to an asymtotic value at a mean cloud-free distance about 2 km.

An analytical form of exponential decrease is used to parameterize the relationship. The nonlinear best
fitsfor band 1 and 3 are

X
l0.49 pgm =0.061e- 0586

+0.090 1)

X
ro_66 Hm =0.035e- 0611

+0.027 )

where X is the mean cloud-free distance in kilometers.
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Figure 2. The relation between the visible at 0.49 ym (band 1) and the mid-IR band at 2.2 um (band 7)
for the four sub-images in Figure 1 (clear-sky at left, and three cloudy sub-images in the right with
different cloud fraction indicated). The intercept of zero mid-IR reflectance of a straight line that fits
though the lower envelope of the visible and mid-IR relations determines the path radiance (for com-
pletely clear-sky), and apparent path radiance (for clear patches in cumulus cloud field) respectively.
The straight line used to determine the path radiance for clear-sky (left) is also plotted in cloudy cases
as a reference (lower lines).
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Figure 3. The apparent path radiance for ETM+ band 1 (solid circles) and band 3 (open circles) as a
function of mean cloud-free distance, defined in the text.

Summary and Discussion

This study demonstrates the enhancement of upwelling sunlight observed using the high-resolution
satelliteimagery. Rather than examining each individual pixel, we introduced the apparent path
radiance to characterize the enhancement. We found that the enhancement of apparent path radiance
depends on mean cloud-free distance, and may be parameterized. The enhancement depends also on
other factors (e.g., solar zenith angle, cloud thickness and height, and aerosol properties). Further
research is necessary to fully understand the physical processesin clear-cloudy atmospheric conditions.
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