Tenth ARM Science Team Meeting Proceedings, San Antonio, Texas, March 13-17, 2000

Analysis of Cloud Spectral Radiance/lrradiance
at the Surface and Top-of-the-Atmosphere
from Modeling and Observations

Z. Li and A. Trishchenko
Canada Centre for Remote Sensing
Ottawa, Ontario, Canada

M. Cribb
Intermap Technologies Ltd.
Ottawa, Ontario, Canada

Introduction

In view of some reported discrepancies concerning cloud parameter retrievals and cloud absorption
(Stephens and Tsay 1990; Li et d. 1999; Rossow and Schiffer 1999) it is useful to compare cloud
gpectrd sgnatures derived from modeing and observations. This may uncover problems and critical
factors important for better understanding cloud-radiation interaction and the earth’s solar radiation
budget. The review by Stephens and Tsay (1990) postulated several possible causes for the purported
excess cloud absorption including uncertainties associated with synergetic messurements of solar fluxes
below and above a cloud layer, modd input parameters and effects of inhomogeneity on the determina-
tion of net fluxes. Li et d. (1999) underscored the importance of data quaity issues, in particular, the
accuracy of cloud optical depth determination and estimation of droplet effective radius that are most
essentid to modeling solar fluxes. Rossow and Schiffer (1999) concluded that despite the progressin
understanding of globa cloudiness, thereis till much work to be done for reconciling satellite and
ground-based retrievds of cloud properties.

Our study focuses on the modeing of radiative quantities and their comparison to observations made
under overcagt skies condsting of sangle-layer low-level nonprecipitating clouds. Modding solar
radidtive transfer in a cloudy atmosphereis a complex problem. Numerous input data are needed to
define a closed problem: atmospheric profiles of humidity and liquid water, temperature and pressure,
cloud boundaries and cloud microphysics, concentration and optica properties of aerosol. Also, surface
spectral dbedo is abasc modd input parameter, fundamenta in affecting the transfer of solar radiation.
As asecondary part of this sudy, field measurements of surface albedo for basic typical surface types
within the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) areawere taken
during early spring, coincident with the ARM Enhanced Shortwave Experiment (ARESE) 2000
Intensive Operationa Period (IOP). It is shown that in the case of spatially inhomogeneous surface
reflectance, such as the area surrounding the Centrd Facility (CF), point-wise measurements of surface
abedo have alimited vaue for adequate representation of the boundary condition at the surface level.
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Data Selection and Modeling

Data collected at the CF ste in northern Oklahoma from late 1997 until August 1998 were analyzed for
the presence of isolated, low-level, non precipitating layers of clouds. Broadband measurements of
downward surface fluxes from the Basdline Surface Radiation Nework (BSRN) radiometer, cloud radar
snagpshots, and Surface Meteorologica Observing System (SMOS) measurements provided the means
for determining suitable cloud cases. The presence of clouds was detected if direct broadband flux
<5W m2. Rain/snow gauge measurements, a component of data collected by the SMOS, indicated
whether or not precipitation events had occurred. When available, satdllite-observed radiance fields
from the Visble and Infrared Scanner (VIRS) aboard the Tropica Rainfall Measuring Misson (TRMM)
satellite a visble and infrared wavelengths were used to identify the phase (water/ice) of the cloud field
inthe vicinity of the CF. Hourly weether observations collected by on-Site personnd provided additiona
information, such as the gate of the ground conditions a the Site. Severa days containing at least one
hour of overcast conditions were deemed appropriate for this study, occurring during winter and early

Soring.

The fina screening for selecting cases depended on the availability of high-resolution solar spectra
irradiance data from the Rotating Shadowband Spectroradiometer (RSS) (360 to 1100nm,

1024 channds). Thisinstrument was developed at the Atmospheric Sciences Research Center a the
State University of New York a Albany and has been operating at the CF Site since August 1997
(Harrison at a. 1998). The latest version of the MODTRAN4 radiative transfer code (Anderson et al.
1999) was used. Radiosonde soundings provided atmospheric profiles of pressure, temperature, and
water vapor. Tota column amounts of water vapor and liquid water were available from microwave
radiometer (MWR) refrievals. Water vapor mixing ratio profiles were calculated from the humidity,
pressure and temperature profiles and scaled to MWR retrievas. Satdlite data from Tota Ozone
Mapping Spectrometer (TOMS) provided ozone column amount. Initid vaues of surface abedo were
obtained from the Multi-filter Rotating Shadowband Radiometer (MFRSR). Cloud top boundaries were
determined using reflectivity observed by ground-based cloud profile radar. A threshold method was
used whereby the background noise level was subtracted from the cdlibrated power signd. The cloud
layer locations were determined at heights where the subtracted sgna changed sign. Cellometer
observations were aso used to vaidate the cloud base height. For those times of the year when insect
contamination is grestest, determination of cloud top height from radar becomes difficult. In these
cases, cloud top height was estimated from radiosonde soundings at the dtitude where the relive
humidity exceeds 94%.

Once cloud boundaries were found, vertica profiles of liquid water content were derived. Frisch et d.
(1995) offered ardatively smple method for deriving the vertica liquid water content for stratus cloud,
based on the knowledge of cloud boundaries, reflectivity Z (n7*) from cloud radar, and integrated liquid
water path (LWP) retrieved from amicrowave radiometer. It isgiven by

op =0.3r ZV2NY2 1)
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where N (n®) is the number density of cloud droplets that is assumed to be constant with height, q is
the liquid water content a level | and r isthe density of water in g/n’. Integrating this expression over
the vertical height of the cloud yields the liquid weater path. Given that the liquid water path is known, N
can be expressed as

N ={LWP/[0.3r oZY2dI]}2. 2
Subgtituting thisinto [Eq. (1)] gives

q =(r LWPZY?)/6ZY2d. ©)
Liquid water content profiles for low-level water clouds can be determined from this expression.
Cloud microphysica properties were obtained from tuning the extinction coefficient a 500 nm to
550 nm to achieve agreement between the smulated and spectrd downward surface flux from RSS in
this spectral band. Effective radius, rer, Was then cdculated using this extinction coefficient and the
LWP, fallowing the rdation

rett = L5 LWP/t, (4)

where t is cloud opticd depth, i.e, the extinction coefficient multiplied by the cloud layer thickness.
For te cases consdered here, effective radii varied from 6 nmm to 11 nmm, consstent with typica vaues

for dratiform clouds estimated for the same region by Dong et d. (2000). Microphysica properties of
the water cloud were modeled using Mie theory. The cases are summarized in Table 1.

Table 1. Description of cases.
Time Column Amount (cm) Cloud t Reff
Date (UTC) A LW O3 Postion (km) | (550nm) | (mm)
Feb 08 20h55m08s 1.36 | 48e-03 | 0.332 15-18 6.6 10.83
Mar 30 20h15m37s 246 | 2.0e-02 | 0.303 05-1.0 49.9 5.95
Apr 03 18h39m19s 145 | 3.2e02 | 0.376 1.0-15 53.5 9.12

Comparison Between Observation and Modeling

With observed and inferred atmospheric and cloud parameters, we first smulated downwelling spectra
solar irradiance usng nomind spectra surface abedos derived from synchronous MFRSR measure-
ments. Since the MFRSR has much less spectra bands than the RSS, abedos between MFRSR
channds were linearly interpolated to RSS bands. In some cases, agreement between modeling results
and observations were good across the entire RSS spectrum. For severd casesin springtime, agreement
for the visible part of the spectrum was reasonably good, while in the near-IR (NIR) region the
difference was quite noticeable with an abrupt jump near the chlorophyll absorption band at 0.7 mm.
This separation between two spectral regions suggested that it has something to do with the representa
tiveness of point-wise MFRSR-based dbedo for smulations under cloudy conditions. Anays's of
surface type distribution and surface reflectances from LANDSAT imagery reveded that this might
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happen due to the inhomogeneity of surface albedo around the CF. The mgjority of the area surrounding
the CF is covered by green wheat, whereas the area right below the tower equipped with the MFRSR
and other instrumentsisold dry grass. Typical abedo spectrafor these two types are shown in Figure 1.
The measurements were taken in March 2000, coincident with the ARESE 2000 IOP. Field measure-
ments were done for dl typica surface typeswithin the ARM SGP region. The spectrometer
S2000/PC2000 designed by Ocean Optics Inc. was used.
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0L © MFRSR

30 -
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Figure 1. The top-left side of the figure shows a picture of a green wheat field, typical of the area
around the CF. The top-right side of the figure shows old dry grass, the characteristic surface type in
the vicinity of the MFRSR tower at the CF. The graph at the bottom shows corresponding measured
spectra. The MFRSR data are in excellent agreement with our spectral measurements.

Itislikely that the discrepancy in the NIR may be linked to the strong influence of green vegetation
outsde the viewing area of the MFRSR. To verify this hypothess, an iterative procedure based on
Newton’s scheme was applied to determine the spectral surface abedos needed to make the model
surface spectral fluxes agree with the RSS observed fluxes. 1t was found that in generd, surface albedo
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need to be increased subgtantidly in the NIR range during the trangition into the growing season.
Figure 2 illustrates smulated spectra fluxes and the adjustments made to the surface dbedo in order to
achieve agreement with fluxes messured by the RSS.

Figure 3 compares areal- mean abedos to those measured by MFRSR and inferred from the comparison
of downwelling spectrd irradiance. Ared-mean abedo for different heights above the ground was then
edimated usng a hemisphericd integration of the two-dimensiond (2-D) abedo map. This 2-D abedo
map Was obtained as results of synthesis of our field pectrd measurements and land cover classfication
made with LANDSAT imagery. The map looks quite inhomogeneous around the CF. Agreement
between the ared- mean abedos and the inferred ones appears very good. This demondtrates that over
an area characterized by spatidly inhomogeneous surface albedo, such as that surrounding the CF,
point-wise measurements of surface reflectance have limited value for adequate representation of the
boundary condition a the surface level under overcast sky conditions. At the same time, point-wise
measurements of spectral downwelling fluxes may be used to infer ared-mean spectra abedo.

Table 2 summarizes the comparisons of modeled and observed surface broadband downward flux and
top-of-the-atmosphere (TOA) abedo. In generd, the modd using adjusted surface abedos reproduces
broadband fluxes at the surface reasonably well and better than the model usng MFRSR surface

abedos, particularly in the early springtime. TOA dbedos from both modds compare fairly well with

the CERES (Clouds and the Earth's Radiant Energy System) observations, except for the March 30 casg;
some high cloud may have been present after al and not accounted for in the modeling exercise.

From Table 3, in genera, modeling data underestimate VIRS observations. Agreement at 1.6 nmis
better than for the red channd (0.63 mm). The greatest differences with mode cd culations occur at
3.75 mm where radiances are most sengitive to the effective radius of cloud droplets near the cloud top.
In this study, a single vaue for effective radius was assumed for the whole cloud layer. The number of
cases in comparison with satellite detalis too smdl to make any decisive conclusons.

Summary

Spectral and broadband fluxes at the surface and TOA radiances and abedos were calculated using
measurements collected at the ARM SGP CF site asinput into the MODTRAN radiative transfer code.
The results were compared to RSS, BSRN downward surface fluxes, and VIRS and CERES satdllite
data, respectively. Low-levd, angle-layer, non-precipitating cloud cases were consdered. Broadband
total downward surface fluxes were reproduced well. In genera, smulated TOA radiances under-
edimate VIRS observations. The greatest differences occurred at 3.75 nm where radiances are most
sengtive to the effective radius of cloud droplets near the cloud top. TOA abedos compared well with
CERES data except for one case where there may have been some unnoticed high-leve cloud, the
presence of which was not included in the modding.

The generd location and strength of gaseous absorption linesin the spectrum of RSS surface
measurements under cloudy conditions were adequately reproduced. Spectral fluxes at the surface
showed significant sengtivity to the magnitude of the surface spectra dbedo. Based on this, a method
of reconciling modeled and observed spectra fluxes and retrieving surface spectra dbedo from
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Figure 2. Surface flux as a function of wavelength for the three cases considered here. RSS
measurements (blue dashed line), model simulations using MFRSR surface albedos (red line) and
model simulations with adjusted surface albedos (green line) are shown. Also shown are the MFRSR
surface albedos used (cyan line), as well as the adjusted surface albedos (magenta line).
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Figure 3. Model simulations using different surface albedos. For the areal means, altitude of sensor is
at cloud base.

Table 2. Comparison of modeled and observed broadband downward surface flux

and TOA abedo.
Fat (W m?) TOA Albedo
Date BSRN | Model® | Model® | CERES | Model®| M odel®
Feb 08 263.87 | 115.87 | 146.60 0.4660 | 0.7495 | 0.6253
Mar 30 256.49 | 116.45 | 143.79 0.4473 | 0.6219 | 0.6338
Apr 03 257.67 |111.92 | 134.49 0.4487 | 0.6212 | 0.6326

(& With adjusted surface abedos
(b) With MFRSR surface abedos

Table 3. Comparison of modeled and observed TOA radiances.

TOA Radiances (W cm™ mm* sr'?)
0.63 mm 1.6 mm 3.75mm
Date VIRS M odel VIRS M odel VIRS M odel
Feb 08 1.17e-02 | 1.34e-02 | 1.85e-03 | 1.90e-03 | 5.42e-05 | 3.90e-05
Mar 30 3.64e-02 | 2.81e-02 | 3.46e-03 | 3.16e-03 | 6.48e-05 | 4.86e-05
Apr 03 3.69e-02 | 29902 | 3.53e-03 | 2.81e-03 | 6.16e-05 | 3.58e-05

downward surfaceirradiance is offered. Retrieved albedo shows good agreement with an independent
estimation based on field measurements. It is suggested that measurements of surface albedo made at
the CF dte may not dways be representative for adequate modeding of solar radiative transfer in
overcast sky conditions, especidly during the trangtion into the growing season such as during the
ARESE 2000 IOP.
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