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ABSTRACT

Clouds and the Earth’s Radiant Energy System (CERES) uses a suite of instruments on the Terra and
Aqua satellites combined with analyzed weather data and information on surface conditions to estimate
surface radiative fluxes. CERES estimates for the Terra satellite were compared with measurements of the
surface radiative fluxes collected with the research vessels (RVs) Wecoma and Thomas G. Thompson
radiometers for cruises off the Oregon coast undertaken during 2000-03. To assess the shipboard measure-
ments, the radiometer observations were analyzed to identify cloud-free conditions characterized by
~1-2 h of relatively stable radiative fluxes. Fluxes for the cloud-free conditions were compared with those
calculated using profiles of temperature and humidity from analyzed meteorological fields for the times and
locations of the measurements and broadband radiative transfer models. For summertime conditions along
the Oregon coast, and assuming a marine aerosol having 0.55-um optical depth of 0.05, modeled and
observed values of the shortwave flux agreed to within 1%-2%. Similar comparisons for the downward
cloud-free longwave flux were within 1%-3%. This agreement also held for the CERES surface radiative
flux estimates with CERES cloud-free fields of view for ocean scenes within 50 km of the ship being
compared with 30-min averages of the shipboard measurements centered on the times of the Terra overpass.
Using the CERES observations to identify cloud-free conditions for the Wecoma revealed that in some
cases the shipboard measurements of the shortwave flux varied erratically. Criteria were adopted to avoid
such behavior, yielding periods in which the surface radiative fluxes were reasonably stable for a range of
cloud-free and cloudy conditions. With the criteria applied, the absolute magnitude of the mean differences
between the shipboard measurements and the CERES estimates for the downward shortwave flux were
within 2%, with RMS differences less than 6% within each month of CERES—shipboard matchups. The
absolute magnitude of the mean differences for the downward longwave flux was less than 2%, with RMS
differences less than 5%.

1. Introduction

The National Aeronautics and Space Administra-
tion’s (NASA) Clouds and Earth Radiant Energy Sys-
tem (CERES) has, as one of its goals, estimating sur-
face radiative fluxes (Wielicki et al. 1996). Estimates
from CERES rely on a mix of broadband radiances,
which are obtained from the CERES radiometers on
the Terra and Aqua satellites; high-spatial-resolution
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multispectral imagery, obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS); ana-
lyzed meteorological fields; aerosol properties derived
from MODIS observations and assimilated in an aero-
sol transport model; and radiative transfer modeling
(Charlock et al. 2005). Satellite estimates of surface
fluxes are known to have shortcomings. Errors in the
downward shortwave flux arise primarily from the
absorption of sunlight by aerosols, and those in the
downward longwave flux arise primarily from the lack
of information on cloud properties, particularly their
lower boundaries (Charlock and Alberta 1996).
Clearly, the satellite estimates require assessment
through comparison with collocated surface measure-
ments that span the range of possible atmospheric con-
ditions. Such comparisons are underway using mostly
land- and island-based surface stations (Charlock et al.
2005). The comparisons serve to quantify the accuracy
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of the satellite inferences and thus provide a means of
assessing the quality of surface radiative energy budgets
constructed from the inferences. For example, in the
tropical eastern Pacific, Cronin et al. (2006) found that
the radiative fluxes derived from the International Sat-
ellite Cloud Climatology Project (ISCCP) observations
(Zhang et al. 1995) were sufficiently representative
when compared with similar fluxes derived from an ar-
ray of buoys that the satellite-derived products could be
used to assess the surface radiative fluxes calculated in
weather forecast and analysis schemes. For vast regions
of the ocean, however, like the northeastern Pacific,
there are no reliable surface-based observations of the
radiative fluxes against which to assess the performance
of the satellite inferences.

For many years, shipboard pyranometers and pyrge-
ometers have been routinely deployed for measuring
surface radiative fluxes, but the observations are often
considered to be of poor quality and are rarely used.
While the radiometers themselves are capable of 1%—
2% calibration accuracies (Hosom et al. 1995; Fairall et
al. 1998), biases arise from the harsh environment,
which leads to coatings on radiometer domes (Medo-
vaya et al. 2002) and tilts from winds and currents. In
addition, rocking by sea swell can cause appreciable
biases (Katsaros and DeVault 1986; MacWhorter and
Weller 1991). Also, the radiometer measurements can
suffer from “shadowing” of the fields of view by parts
of the ship. The goals of this study are to 1) assess the
quality of shipboard pyranometer and pyrgeometer ob-
servations collected during operations of the research
vessel Wecoma off the coast of Oregon and 2) if the
assessment indicates that the shipboard data are suffi-
ciently accurate to constrain the satellite-based obser-
vations, then to compare the shipboard measurements
with simultaneous CERES estimates of the fluxes.
While most of the observations analyzed for this study
were from the Wecoma, operated by Oregon State Uni-
versity’s College of Oceanic and Atmospheric Sciences,
some were from the Thomas G. Thompson, operated
by the National Oceanic and Atmospheric Administra-
tion. The Thompson data came from a period of joint
operations with the Wecoma off the Oregon coast.

As others have done (Fairall et al. 1998; Medovaya et
al. 2002; Cronin et al. 2006), the strategy for assessing
the usefulness of the shipboard observations is to begin
with observations under cloud-free conditions. Cloud-
free conditions offer the best opportunity for under-
standing the performance of the shipboard radiometers
through comparison with the results of radiative trans-
fer models. Cloud-free conditions entail temporally
stable surface radiative fluxes and in the northeastern
Pacific, these periods are often accompanied by rela-
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tively low humidities and, depending on location and
time of year, low aerosol burdens. Radiative transfer
models have been demonstrated to predict the surface
fluxes under such conditions to within a few percent,
close to the accuracies of the shipboard radiometers
(Cess et al. 1996; Zender et al. 1997; Jing and Cess 1998;
Fairall et al. 1998).

Here the shipboard observations were examined first
to assess their quality and second to use the observa-
tions in assessing the performance of the CERES esti-
mates of the surface radiative fluxes. Procedures were
developed in which the temporal variability of the
downward shortwave and longwave fluxes were used to
identify cloud-free conditions. Cloud-free observations
were then compared with radiative transfer model es-
timates of the downward fluxes. As the comparisons
proved successful, within the limits of error for both the
calibration of the radiometers and similar experiences
with radiative transfer calculations (Fairall et al. 1998;
Medovaya et al. 2002), the cloud-free estimates were
then compared with CERES estimates of the down-
ward fluxes. These comparisons also showed excellent
agreement. A search of the CERES observations for all
cloud-free conditions collocated with the Wecoma ob-
servations, however, revealed that some of the cloud-
free observations were missed. In fact, in some cases,
the shipboard pyranometer appeared to exhibit unex-
plained erratic behavior for conditions that were, based
on the satellite observations, free of clouds. New rules
were developed to identify possible erratic behavior in
the shipboard pyranometer data. These procedures are
ad hoc, but provide reasonable precautions for obtain-
ing surface observations with which to compare satel-
lite-derived estimates under a wide range of observing
conditions. CERES estimates of the surface radiative
fluxes were then compared with the shipboard obser-
vations for all-sky conditions. Not surprisingly, applying
the screening criteria to remove what appeared to be
erratic behavior of the pyranometer substantially im-
proved the agreement between the shipboard measure-
ments and satellite estimates.

2. Data

Most of the shipboard pyranometer and pyrgeometer
data used in this study came from the Wecoma. Ap-
proximately three weeks of data came from the Thomas
G. Thompson during a period when the ships were un-
dertaking a coordinated study off the coast of Oregon.
On the Wecoma, the pyranometer is an Eppley Preci-
sion Spectral Pyranometer and the pyrgeometer is an
Eppley Precision Infrared Radiometer. The instru-
ments are mounted on top of the winch house in a
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location that allows largely unobstructed views of the
sky. This location was a compromise between the needs
for the unobstructed views and for keeping the instru-
ments clean and operating during cruises. For the ob-
servations used in this study, the radiometers were
cleaned, often as much as twice daily, sea state and
duties of the technical personnel permitting. Both in-
struments were connected to amplifiers and analog-to-
digital converters mounted just below the instruments
through short (0.5 m) shielded cables. The instruments
were sent to Eppley each year for calibration. The
Eppley calibration data were used to convert the in-
strument voltages to radiative fluxes. The longwave
fluxes were obtained following Eppley’s prescrip-
tion using separate measurements for the case and
detector temperatures. The fluxes used for this study
were 1-min averages. No corrections were made for
differences between the dome and case temperatures of
the pyrgeometer (e.g., Fairall et al. 1998), nighttime
offsets of the shortwave flux (Cess et al. 2000), effects
due to shadowing by the ship’s superstructure, and ef-
fects that might have resulted from the motion of the
ship.

As will be discussed in the next section, pyranometer
and pyrgeometer measurements of the downward ra-
diative fluxes identified as being associated with cloud-
free conditions were assessed through comparison with
the fluxes calculated using detailed radiative transfer
models. The profiles of temperature and humidity as
well as the surface temperature and surface humidity
used in these calculations were obtained from National
Centers for Environmental Prediction (NCEP; Kistler
et al. 2001) analyzed fields for times that bracketed the
overpass of Terra, nominally 1100 LST. In addition, the
effects of a marine aerosol, described by Hess et al.
(1998), were included in the calculation of the fluxes.
The marine aerosol is composed of relatively large par-
ticles that absorb little sunlight. The discrete ordinate
method (Stamnes et al. 1988) in an eight-stream mode
was used to calculate the shortwave radiative flux. Gas-
eous absorption for the shortwave was taken from what
is now referred to as the NASA Langley version of the
Fu-Liou code (Fu and Liou 1992; Rose and Charlock
2002; Charlock et al. 2005). Shortwave fluxes using this
code were within 1%-2% of those calculated using the
gaseous absorption model adopted by Coakley et al.
(2002). Longwave fluxes were calculated using the
Langley version of the Fu-Liou code.

Collocated CERES clouds and radiative swath
(CRS) estimates of the shortwave and longwave fluxes
were compared with the shipboard measurements and,
for cloud-free conditions, the results of the radiative
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transfer calculation. The CRS data provide fluxes for
individual CERES fields of view that are approximately
20 km across at nadir. The CRS contains several esti-
mates of the radiative fluxes. First a flux is calculated
using temperature and humidity profiles derived from
the NASA Goddard Earth Observing System (GEOS)
Data Assimilation System, version 4 (GEOS4) assimi-
lation of meteorological data, cloud properties derived
from MODIS observations (Minnis et al. 2003), and
aerosol properties derived from a combination of aero-
sol optical depths retrieved from MODIS (Remer et al.
2005; Ignatov et al. 2005) and assimilated using the Na-
tional Center for Atmospheric Research Model for At-
mospheric Transport and Chemistry (MATCH). Sec-
ond, a constrained flux is calculated by adjusting,
depending on scene type, aerosol properties, water
vapor burdens, and cloud properties within their ranges
of expected uncertainties until the radiative flux cal-
culated for the top of the atmosphere matches the
CERES estimate derived from a combination of scene
type and anisotropic factors (Loeb et al. 2005). The
surface fluxes are then calculated using the adjusted
cloud, aerosol, and moisture burdens (Charlock et
al. 2005). Along with these calculated fluxes, two ad-
ditional estimates, referred to as models A and B,
are offered in the CERES CRS data stream for both
shortwave and longwave fluxes. These fluxes are de-
rived from a combination of model calculations and
regressions. The A models are based on Li et al. (1993)
for the shortwave flux and Inamdar and Ramana-
than (1997) for the longwave flux. The B models, re-
ferred to as the Langley Parameterized Shortwave and
Longwave Algorithms, are described by Gupta et al.
(2004).

3. Assessment of shipboard radiometers

The first step in assessing the performance of the
shipboard radiometers was to seek observations under
cloud-free conditions. As was noted earlier, under
cloud-free conditions reasonably accurate estimates of
the downward shortwave and longwave radiative fluxes
can be calculated. As long as the radiatively active com-
position is reasonably characterized, the broadband
fluxes can be obtained to within 2%-3%, comparable
to the best accuracies anticipated for the shipboard flux
measurements.

Cloud-free conditions are characterized by long pe-
riods (1-2 h) over which the downward shortwave and
longwave fluxes vary little. Lines of sight from the sur-
face to the horizon, assuming low-level clouds at 1 km,
span a region with radius of order 100 km. Conditions
at sea, however, are rarely so cloud free. A clearing
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F1G. 1. Downward normalized (a) shortwave and (b) longwave radiative flux 1-min averages (open symbols)
measured by the Wecoma’s radiometers on 25 Aug 2001. At the time of the observations the Wecoma was off the
coast of Oregon at 44.6°N, 124.5°W. The time is LST for the Wecoma. Also shown are calculated downward
normalized shortwave and longwave radiative fluxes based on the temperatures and humidities at the location of
the ship in the 1800 and 2400 UTC NCEP analyses and different values of the 0.55-um optical depth 7 for a marine
aerosol. CERES CRS constrained estimates of the downward fluxes are also shown for the time of the Terra
overpass. The estimates are based on 16 cloud-free CERES fields of view (closed circle) and 2 fields of view with
95%-99% cloud cover (cross) within 50 km of the Wecoma at the time of the overpass. The error bars give the
standard deviation of the CERES CRS estimates. The zenith angles are the average solar zenith and satellite zenith
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(view zenith) angles for the CERES fields of view used in the comparisons.

with radius of order 10 km would be suggested if low-
level clouds at an altitude of 1 km were observed on the
horizon with an elevation angle of 5°. Ship motion and
winds, even as small as 3 m s, would bring such clouds
over the radiometers within the course of an hour or so,
giving rise to considerable variability, at least in the
downward shortwave fluxes. Many of the cases found in
the Wecoma’s observations showed temporal stability
of 1 to 2 h and even longer, suggesting that the clearings
had radii that were several tens of kilometers. Under
such conditions, aside from instrument noise and any
instrument sensitivity to temperature and ventilation
changes not accounted for in the data processing, the
only variations in the downward fluxes are due to
changes in the solar zenith angle for the shortwave flux
and changes in humidity, temperature, and aerosol
properties, which affect both the shortwave and long-
wave fluxes. Owing to the relatively cold ocean tem-
peratures in the northeastern Pacific, cloud-free condi-
tions are relatively dry. If, in addition, the region is
distant from aerosol sources, the variations in aerosol
burdens are likely to be small. The strategy for identi-
fying cloud-free conditions in the shipboard radiometer
data was thus to seek periods during which the short-
term variability of the downward fluxes was relatively

small and any long-term variability was the result of the
changing solar zenith angle.

In this study a normalized downward shortwave flux,
the downward shortwave flux divided by the cosine of
the solar zenith angle, is used instead of the shortwave
flux itself. The normalized shortwave flux is a measure
of the broadband shortwave transmittance of the atmo-
sphere. The solar zenith angle clearly controls both the
magnitude of the shortwave flux and its variability. Di-
viding the shortwave flux by the cosine of the solar
zenith angle removes this first-order influence, leaving
the somewhat smaller dependence of the direct and
diffuse transmittance on solar zenith angle.

Figure 1 illustrates a somewhat ideal example of
cloud-free conditions in the Wecoma observations. The
figure shows the normalized downward shortwave ra-
diative flux and the downward longwave radiative flux.
The 1-min observations (open symbols) are shown
along with fluxes calculated using analyzed fields of
temperature and humidity at the position of the ship for
the 1800 and 2400 UTC analyses bracketing the obser-
vations. The sun—earth distance at the time of the ob-
servation has been accounted for in the calculations of
the normalized downward shortwave flux. In addition,
the figure shows the Terra CERES CRS constrained
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TABLE 1. Downward normalized shortwave fluxes (W m~?2) obtained with the Wecoma and Thomas G. Thompson (indicated
with T) pyranometers and the CERES CRS estimates including constrained CRS, initial CRS, model A, and model B, and the model
simulations used to assess the performance of the pyranometers. The values reported for the shipboard data are means and std devs
of the 30 one-minute samples centered on the Terra overpass. Mean and RMS differences between the CERES FOVs and the shipboard
means are given for the CRS products. The simulated values are for a marine aerosol with 0.55-pum optical depth of 0.05 and the mean

and RMS differences are for the 30 one-minute shipboard samples.

CERES Surface flux Constrained CRS Initial CRS Model A Model B Simulated

Date FOVs Mean  Std dev Mean RMS Mean RMS Mean RMS Mean RMS Mean RMS

16 May 20017 2 1064.44 3.64 —5.08 8.44 -943 1249 —-6.84 983 —6.58 9.79 622  6.99
20 May 2001" 5 1074.96 4.40 -9.46 9.51 —-6.77 6.84 —10.85 12.10 -—-1246 1278 —4.11 4.69
21 May 2001™ 8 1069.78 1.75 —-12.53 14.63 217 635 832 881 —398 544 -312 348
22 May 2001" 2 1079.24 3.36 —15.75 15.92 =561 674 —-6.61 674 -—-17.70 1792 —-680 6.86
26 May 2001" 3 1059.94 1.98 —4.05 4.62 —-6.87 594 — — -19.66 20.38 322  3.08
30 May 2001" 18 1064.31 1.64 —15.36 15.32 -3.97 5.86 078 436 —12.02 13.01 —-4.67 4.79
31 May 2001" 10 1064.83 7.50 -10.06 12.01 -14.33 1530 — — 15.78 16.55 1.24  0.62
7 Jun 2001 5 1028.66 5.06 14.21 18.58 16.89 19.43 — — 1526 1645 1849 19.66
9 Aug 2001 8 1049.35 2.89 —6.84 7.28 327 3.59 134 325 —435 518 -—-323 328
19 Aug 2001 6 1052.99 2.88 —-10.64 10.98 245 366 —591 628 —9.29 1038 —-293 296
20 Aug 2001 13 1044.29 1.06 —10.68 11.02 341 360 —-11.13 1132 -16.03 1628 —6.43 6.52
25 Aug 2001 18 1058.72 3.55 -15.12 1634 —12.56 1473 —-1591 1593 -1948 1950 -6.76 6.78

estimates for the cloud-free and nearly cloud-free fields
of view for ocean scenes within 50 km of the Wecoma at
the time of the overpass. The results in the figure illus-
trate the temporal stability of the shipboard measure-
ments under cloud-free conditions.

Figure 1 also shows sensitivities of the calculated
fluxes to variations in temperature and humidity pro-
files and to varying aerosol burdens. The normalized
shortwave flux is most sensitive to aerosol burden. Oc-
casionally changes in the moisture burden between
1800 and 2400 UTC have a noticeable impact on the
calculated shortwave flux, but in this case, the profiles
of temperature and humidity at the two times were
rather similar. If the 0.55-um optical depth were set to
0.05, the agreement between the observed and calcu-
lated downward normalized shortwave flux would be
within 1% (10 W m™?). This aerosol optical depth is
nearly identical to the 0.05 0.5-um optical depth de-
rived by Kaufman et al. (2001) from Aerosol Robotic
Network (AERONET; Holben et al. 1998) observa-
tions as being representative of the unpolluted, baseline
value for the Pacific Ocean.

Aerosol burdens have little effect on the downward
longwave radiative flux. Results are shown for an aero-
sol with 0.55-um optical depth of 0.8 simply to illustrate
the relatively small effects of aerosols. Changes in mois-
ture and temperature, however, often noticeably alter
the longwave flux. Nonetheless, as with the shortwave
flux, assuming a temperature and humidity profile that
falls between those of 1800 and 2400 UTC brings agree-
ment between the calculated and observed downward
longwave fluxes to within 1%—2% (5 W m~2).

Based on the shipboard data available for this study,

12 days were found in which the temporal stability of
the radiometer data indicated cloud-free conditions.
Comparisons with the model calculations and with
CERES CRS estimates are listed in Table 1 for the
downward normalized shortwave flux and in Table 2
for the downward longwave flux. For the downward
normalized shortwave flux, the simulated fluxes in
which a marine aerosol with 0.55-um optical depth of
0.05 was assumed are within 2% of the observed fluxes.
Interestingly, similar results were found for the “initial”
CERES CRS estimates which, while independent of
the model simulations performed here, are conceptu-
ally the same. While still within 2% of the shipboard
observations, somewhat poorer agreement was found
for the “constrained” CERES CRS estimates, which
tended to underestimate the downward flux at the sur-
face. Presumably, aerosol was added as part of the col-
umn adjustments required to achieve agreement be-
tween the observed and modeled shortwave radiative
fluxes at the top of the atmosphere in the constrained
estimates. The CERES parametric models A and B
were also within 2% of the shipboard observations, but
there was somewhat less agreement than obtained with
the simulations performed here.

For the downward longwave fluxes, with the excep-
tion of 7 June 2001, the simulated, initial, and con-
strained CERES CRS estimates were all within 2% of
the observed flux. The estimates for 7 June were just
worse than 3%. The CERES statistical models were
also generally within 2%-3%.

While 12 occasions of temporally stable shipboard
fluxes could be found in the available data, the avail-
ability of the CERES CRS observations prompted a
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TABLE 2. Same as in Table 1 but for the downward longwave fluxes (W m~2) obtained with the Wecoma and Thomas G.
Thompson (indicated by T) pyrgeometers.

CERES Surface flux Constrained CRS Initial CRS Model A Model B Simulated

Date FOVs Mean Std dev Mean RMS Mean RMS Mean RMS Mean RMS Mean RMS

16 May 2001" 2 292.39 3.64 -2.97 4.20 -312 642 -335 850 —-329 896 —-0.80 1.67
20 May 20017 5 305.11 4.40 —2.65 3.84 —-431 486 -192 228 —-0.60 287 389 4.01
21 May 2001™ 8 325.03 1.75 -1.69 6.14 =525 728 =770 898 754 865 211 266
22 May 20017 2 329.47 3.36 -5.75 6.61 —-1.65 346 -—5.61 6.63 —6.64 7.10 1.21 1.80
26 May 20017 3 303.22 1.98 4.26 6.08 3.86 4.59 — — 9.81 10.53 365 3.87
30 May 2001" 18 320.88 1.64 2.98 5.56 -381 502 -7.07 719 -855 890 —-020 022
31 May 20017 10 325.08 7.50 —2.46 6.62 428  6.82 — — 844 898 —526 4.63
7 Jun 2001 5 321.09 5.06 -10.84 1331  —1231 12.58 — — -12.69 1433 -10.73 12.62
9 Aug 2001 8 330.02 2.89 5.76 8.87 1.08 6.12 026 623 —507 845 3.62 3.66
19 Aug 2001 6 311.70 2.88 3.65 5.02 -1.58 359 —-631 744 =329 550 0.87 0.89
20 Aug 2001 13 321.31 1.06 2.31 6.43 -6.27 6.53 -878 1010 —7.88 9.05 356 3.64
25 Aug 2001 18 322.20 3.55 -0.97 4.75 —446 662 —397 534 333 489 -—-171 172

search for cloud-free conditions over the Wecoma that
may not have been detected on the basis of the tempo-
ral stability suggested by the results shown in Fig. 1.
Figure 2 shows observations from the Wecoma on 4
February 2003. The CERES CRS data indicate 13 fields
of view that were cloud free and an additional two
fields of view with less than 5% cloud cover within 50
km of the Wecoma at the time of the Terra overpass.
Examination of the Terra 1-km MODIS imagery for the
location of the Wecoma at the time of the overpass
suggested that the clouds nearest the ship were part of
a low-level layer of broken clouds more than 25 km to
the west. If visible from the ship, such clouds would
have been just above the horizon. The erratic behavior
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of the downward normalized shortwave flux is unex-
plained.

In all, six such cloud-free cases were found, and in
many of these, the pyranometer behaved even more
erratically than is shown in Fig. 2. Tables 3 and 4 list the
statistics given in Tables 1 and 2 but for the cloud-free
days on which the Wecoma’s pyranometer was erratic.
The erratic behavior was limited primarily to the pyra-
nometer. The downward longwave fluxes were some-
what more quiescent and appeared to be largely free of
such behavior. Interestingly, four of these cloud-free
cases occurred in February 2003. For these cases, the air
was cold and water vapor amounts were low, of order

1.5 g cm™ 2 and less. The low water vapor burdens
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F1G. 2. Same as in Fig. 1, but for 4 Feb 2003. The time was selected on the basis of the cloud-free CERES fields
of view found within 50 km of the Wecoma location at the time of the Terra overpass. The ship was at 44.2°N,

124.9°W at the time of the overpass.
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TABLE 3. Same as in Table 1, but for days on which the Wecoma pyranometer exhibited unexplained erratic behavior.

CERES Surface flux Constrained CRS Initial CRS Model A Model B Simulated

Date FOVs Mean Std dev  Mean RMS Mean RMS Mean RMS Mean RMS Mean RMS

2 Jun 2000 4 1029.78 17.07 7.55 12.13 1093  12.17 — — 3.30 712 2672 27.14
14 Jun 2000 7 1029.15 11.15 -21.73 22,18 —3.83 480 255 4.26 0.21 410 1343 14.88
4 Feb 2003 15 975.88 62.56 63.29 63.45 55.16  55.29 — — 5721 5734 7076 7341
5 Feb 2003 3 926.54 88.46 78.47 78.50 82.80 8290 48.80 4881 80.75 80.77 10891 111.23
7 Feb 2003 8 950.42 11.81 10583  105.89 107.68 107.74 7754 77.71 98.07 98.13 125.12 127.01
8 Feb 2003 11 70321  349.23 33796 337.99 332.86 332.97 — —  333.86 333.87 35237 358.42

coupled with the cold temperatures under cloud-free
conditions led to the rather low values of the downward
longwave radiative flux measured with the pyrgeom-
eter. The occurrence of the unexpected and unex-
plained behavior in the pyranometer prompted a search
for constraints that would select the shipboard data to
be used in assessments of the CERES CRS flux esti-
mates.

4. Acceptance criteria for shipboard flux
measurements

The erratic behavior of the pyranometer was charac-
terized by rapid variability in the 1-min samples. This
variability motivated a search for periods that were
temporally stable, at least over relatively short inter-
vals. Temporally stable conditions were sought regard-
less of the sky conditions, whether cloud-free or cloudy.
One-minute samples that have nearly the same values
over a period of several minutes are less suspect than
those that fluctuate wildly over the same interval.
While the fluctuations in the pyranometer data could
be valid, for example, they might be caused by sunlight
reflected from the sides of clouds or by the sun being
blocked by clouds in a broken cloud system, they might
also be caused by the buildup of salt on the pyranom-
eter’s filter dome, or by electronic noise that could arise
from faulty or corroded connections, or electromag-
netic interference, or they could arise from shadows
and reflections caused by movements of the ship’s

crane. The strategy was thus to seek periods of obser-
vation during which the pyranometer and pyrgeometer
outputs were reasonably stable. The temporal varia-
tions of the radiometer measurements were examined
to determine what might be called “reasonable” vari-
ability.

Figure 3 shows means and standard deviations of the
downward longwave and normalized shortwave fluxes
from a cruise in August 2001. The means and standard
deviations were calculated for 30-min periods of the
1-min samples with the starting time of each 30-min
period shifted by 15 min. The observations were re-
stricted to solar zenith angles less than 75°. On this
cruise, data were collected from 4 to 25 August. There
were just over 930 30-min groupings of the 1-min
samples that satisfied the solar zenith angle require-
ment. Results for the month of August 2001 are shown,
but results for other months had similar characteristics.

Figure 3a clearly shows 1) the large variability of the
downward normalized shortwave radiative fluxes and
2) the range of downward longwave radiative fluxes for
August 2001. The extremes of the longwave fluxes were
associated with occurrences of temporally stable nor-
malized shortwave radiative fluxes as indicated by the
small values of the standard deviations for the 30-min
samples. The minimum of the downward longwave ra-
diative flux, centered at approximately 310 W m~2 and
associated with temporally stable normalized short-
wave fluxes, with standard deviations less than 10 W
m 2, characterized cloud-free conditions. Not surpris-

TABLE 4. Same as in Table 2, but for days on which the Wecoma pyranometer exhibited erratic behavior. The pyrgeometer seems
to have performed normally on these days.

CERES Surface flux Constrained CRS Initial CRS Model A Model B Simulated

Date FOVs Mean Std dev Mean RMS Mean RMS Mean RMS Mean RMS Mean RMS

2 Jun 2000 4 316.78 0.49 —18.41 19.78  —20.20 21.04 — — —23.49 2408 —19.98 20.81
14 Jun 2000 7 337.25 2.75 24.56 24.67 430 443 —1344 1349 -1499 15.07 —-6.40 6.48
4 Feb 2003 15 254.20 1.39 6.14 7.59 595  6.77 — — -0.42 4.63 3.85 3.86
5 Feb 2003 3 250.44 5.29 18.97 19.52 15.82 16.07 14.86 15.46 10.76  11.63 14.59 14.82
7 Feb 2003 8 259.08 0.53 2.04 3.15 -0.08 213 -0.56 1.85 -4.89  5.69 —-6.58  6.65
8 Feb 2003 11 255.16 6.80 -1.67 3.15 -330 415 — — -3.66 394 896 948
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30-min groups of the 1-min measurements that satisfied the solar zenith angle condition.

ingly, as shown in Fig. 3b, the downward longwave flux
also showed remarkable temporal stability under cloud-
free conditions—standard deviations less than 5 W
m 2. The longwave flux reached a maximum, centered
around 390 W m 2 while again showing remarkable
temporal stability. At least for some periods when the
longwave flux was near its maximum, the normalized
shortwave radiative flux also achieved temporal stabil-
ity, with standard deviations less than 100 W m™ 2.
These conditions probably were associated with skies
overcast by low-level clouds. The observations with
temporally stable longwave and shortwave fluxes, for
which the longwave flux was approximately 340 W m 2,
were probably associated with extensive cover by
midlevel or upper-level cloud systems. The systems
were evidently relatively transparent as can be judged
by the values of the downward shortwave flux asso-
ciated with the clustering of observations shown in
Fig. 3c.

Results like those shown in Fig. 3 suggested criteria
for temporal stability in the shortwave record. Under
cloud-free conditions, rather restrictive limits on tem-
poral variation seemed in order. The limits adopted
were 1) the standard deviation of the 1-min samples for
a 15-min record of longwave flux had to be less than 5
W m~%; 2) the standard deviation of the 1-min samples
for a 15-min record of normalized shortwave flux had to
be less than 10 W m 2, and 3) the standard deviation of
the 1-min samples for the 30-min record centered on
the 15-min record of the normalized shortwave flux also
had to be less than 10 W m 2.

Once the criteria for the cloud-free conditions were
set, those for the temporal stability of the normalized
shortwave radiative flux were relaxed in order to allow
observations of cloudy scenes. The prominent signature

in the downward longwave flux associated with low-
level clouds suggested that a standard deviation in the
normalized shortwave flux of order 100 W m ™2 could be
tolerated when low-level clouds were present. The cut-
off in the standard deviations of 1-min samples in 15-
min records of the normalized shortwave flux was set to
change linearly with the downward longwave flux as it
ranged from the 5th percentile of the longwave fluxes
associated with cloud-free conditions to the 95th per-
centile of the longwave fluxes associated with the low-
level cloud layer, those with standard deviations of the
1-min samples within 15-min records of the longwave
flux less than 5 W m 2. These criteria were established
for each month and then applied to all daytime obser-
vations within the month having solar zenith angles less
than 75°.

Figure 4 shows the observations that remained after
the criteria were applied. Clearly, episodes in which the
normalized shortwave flux varied wildly were removed.
Some of these observations may have been valid, but
owing to the erratic behavior exhibited by the pyra-
nometer under cloud-free conditions, shown in Fig. 2,
periods with large temporal variability in the pyranom-
eter data were suspect. What remained in the tempo-
rally stable observations were cloud-free conditions and
those associated with what appeared to be fairly uni-
form cloud cover. As discussed in the next section, of
the data available for this study, approximately a quar-
ter was eliminated. Clearly, the fraction eliminated de-
pended on the nature of the conditions observed.

5. All-sky comparisons of shipboard and CERES
CRS data

Figure 5 shows the downward normalized shortwave
and longwave radiative fluxes obtained primarily with
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F1G. 4. Same as in Fig. 3, except the observations are those that remain after applying the criteria for
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the Wecoma radiometers and the corresponding
CERES CRS constrained estimates. The figure also in-
cludes measurements for April-May 2001 obtained
with the Thomas G. Thompson radiometers. In these
comparisons, the mean of the shipboard measurement
represents the 30-min average of 1-min samples cen-
tered on the time of the Terra overpass. The error bars
show the standard deviation of 1-min samples. The
CERES CRS constrained estimate is the average of the
estimates for all fields of view in which the background
scene is ocean (i.e., no land) within 50 km of the We-
coma at the time of the overpass. The error bars indi-
cate the standard deviation of the fluxes for the selected
CERES fields of view.

Of the shipboard observations available for this

o
IE 1200 I

| SURFACE FLUX
= MAY 2000-FEB 2003
. BIAS=—1.49 Wm™
g RMS=30.24 Wm™

DAYS=81

S 800t 1
= a)
D
|
L
=
? 400} -
o0
L
g & ALL FOVS
< & CLOUD-FREE FOVS |
021 L ll
(@] 0 U B B .
pd

0 400 800 1200

NORMALIZED SW FLUX (SHIP) (Wm™)

study, matchups occurred with the Terra CERES ob-
servations on 109 days. After applying the criteria to
ensure temporally stable shipboard pyranometer data,
81 matchups remained. Table 5 shows the agreement
between the downward normalized shortwave radiative
flux measured by the shipboard radiometer and the
CERES CRS constrained estimate for days on which
the Wecoma pyranometer exhibited temporal stability
at the time of the Terra overpass (accepted) and for
days on which the pyranometer appeared to behave
erratically (rejected). The table includes the average of
the solar zenith angles at the times of the overpasses for
all of the observations, both accepted and rejected,
within the month. Owing to Terra’s sun synchronous
orbit, within any month there is little difference be-
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FiG. 5. Downward normalized (a) shortwave and (b) longwave radiative fluxes measured by the shipboard
radiometers (SHIP) and estimated by CERES (CRS). Given are the means and the std devs of the 1-min shipboard
samples for the 30-min period centered on the Terra overpass. The means and standard deviation of the CERES
CRS estimates are for all CERES fields of view that were completely over ocean and within 50 km of the ship at

the time of the Terra overpass.
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TABLE 5. Downward normalized shortwave radiative flux (W m~2) measured by the shipboard pyranometer and differences between
the CRS constrained estimate and the shipboard observation (CRS-Ship) for days with temporally stable pyranometer behavior
(accepted) at the time of the Terra overpass and days with erratic pyranometer behavior (rejected). The solar zenith angle is the average

of the zenith angles at the times of the satellite overpasses for both accepted and rejected observations. Within a month, there is little

difference in the average zenith angle between the accepted and rejected observations.

Days of RMS Solar zenith
Month Quality of ship data observations Mean Bias difference angle (7)
Wecoma observations
May-Jun Accepted 13 856 —12.5 353 22.4
2000 Rejected 7 787 -13.0 49.7
Jul-Aug Accepted 5 717 4.1 28.0 28.1
2000 Rejected 2 627 54.7 77.3
May-Jun Accepted 12 911 7.2 333 24.0
2001 Rejected 8 736 8.4 449
Aug Accepted 18 848 0.4 20.9 34.0
2001 Rejected 3 681 -11.3 64.3
Jan-Feb Accepted 15 492 4.6 28.0 64.7
2003 Rejected 5 911 334 50.0
Thomas G. Thompson observations
Apr-May Accepted 18 1012 —10.4 37.4 25.4
2001 Rejected 3 652 11.3 442

tween the solar zenith angles for the accepted and re-
jected observations. Table 6 provides a similar sum-
mary for the downward longwave radiative fluxes. As
with the results in Fig. 5, Tables 5 and 6 include results
for the Thomas G. Thompson radiometers for April-
May 2001. Based on the values of the radiative fluxes,
the criteria used to select temporal stability generally,
but not always, favored conditions with less cloud
cover. The observations for January-February 2003
were the exception. In those months, the pyranometer
was erratic on what appeared to be mostly cloud-free
days.

The results in Tables 5 and 6 illustrate the impact of
selecting for skies that produce temporally stable sur-

face radiative fluxes. Because errors that arise from
temporal and spatial mismatches were reduced for the
observations exhibiting temporal stability, the mean
and RMS differences between the CERES CRS esti-
mate and the shipboard measurements both became
smaller. Rapid fluctuations in the fluxes, for both the
CERES CRS estimates and the shipboard observa-
tions, are likely to lead to unrepresentative, and possi-
bly biased estimates of the instantaneous fluxes.

For the observations examined in this study, the
agreement between the CERES CRS constrained esti-
mate and the shipboard measurements of the down-
ward normalized shortwave radiative flux within the
various months were on average within 2% with an

TABLE 6. Same as in Table 5, but for downward longwave radiative fluxes.

Days of
Month Quality of ship data observations Mean Bias RMS difference
Wecoma observations
May-Jun Accepted 13 347 —4.1 12.1
2000 Rejected 7 343 -7.8 13.9
Jul-Aug Accepted 5 377 -1.2 8.8
2000 Rejected 2 398 2.5 15.7
May-Jun Accepted 12 334 —6.1 12.2
2001 Rejected 8 336 7.6 15.8
Aug Accepted 18 344 29 9.1
2001 Rejected 3 362 31 11.8
Jan-Feb Accepted 15 322 6.0 11.9
2003 Rejected 5 268 72 12.6
Thomas G. Thompson observations
Apr-May Accepted 18 319 0.9 8.5
2001 Rejected 3 339 -6.2 10.1
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RMS difference less than 6% when the criteria for tem-
poral stability were applied. For the days on which the
shipboard pyranometer exhibited erratic behavior, the
mean difference was as large as 9% and the RMS dif-
ference as large as 13% within a given month. For the
longwave observations, the agreement between the
CERES CRS constrained estimate and the shipboard
measurements were largely unaffected by the behavior
of the pyranometer. Mean differences were typically
less than 2% and RMS differences typically less than
5%. These results are close to those reported by Gupta
et al. (2004) who compared the CERES CRS model B
estimates with land-based surface measurements. They
found that the CERES model B shortwave flux esti-
mates were within 3% of the surface measurements
with an RMS difference of 13%. The bias is close to the
2% found for the temporally stable shortwave fluxes
while the RMS difference is close to that obtained with
no constraints applied to the temporal stability for the
shipboard measurements. As noted earlier, temporal
stability in the surface measurements are likely to pro-
duce observations that are more representative of the
sky conditions. Under such conditions, the associated
space-based inferences are also likely to produce esti-
mates that are more representative. Consequently, er-
rors due to mismatches in the spatial scales and timing
of the observations are reduced, thereby potentially im-
proving the agreement. For the longwave fluxes, Gupta
et al. (2004) reported estimates obtained with the
CERES CRS model B to be within 1% of the surface
measurements with RMS differences of 6% close to the
2% and 5% reported here.

6. Conclusions

As has been done by others (Fairall et al. 1998; Me-
dovaya et al. 2002), shipboard measurements of the sur-
face shortwave and longwave radiative fluxes collected
off the coast of Oregon were assessed through compari-
son with calculated fluxes for cloud-free conditions.
The cloud-free conditions were first determined on the
basis of the shipboard measurements alone. Cloud-free
conditions were identified by the temporal stability ex-
hibited by the downward fluxes for periods of at least
an hour and, on some occasions, lasting several hours.
Aside from its sensitivity to the slowly varying solar
zenith angle, the cloud-free downward shortwave flux
was rather sensitive to aerosol loading. The cloud-free
longwave flux was most sensitive to atmospheric tem-
perature and humidity. Fortunately, off the Oregon
coast, owing to the low temperatures of the ocean water
and the distances from aerosol sources, the atmosphere
is relatively dry and the aerosol burdens light. Initially,
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based on the shipboard measurements, Terra over-
passes occurred with the ship under cloud-free condi-
tions for 12 of the 109 days on which Terra CERES data
were available and collocated with shipboard measure-
ments. The Terra overpasses typically occurred within 1
h of 1100 LT. With the assumption of a marine aerosol
with a 0.55-pum optical depth of 0.05 and using NCEP
fields for temperature and moisture, calculated and ob-
served downward shortwave radiative fluxes agreed to
within 2%. Likewise, the calculated and observed
downward longwave radiative fluxes agreed to within
3%. These accuracies rival the 2%-3% expected of
shipboard radiometers (Hosom et al. 1995; Fairall et al.
1998). Consequently, the shipboard observations were
presumed sufficiently accurate to assess the perfor-
mance of the CERES CRS estimates of the surface
radiative fluxes. For these cloud-free cases, the CERES
estimates were within 2%-3% for both the downward
shortwave and longwave fluxes, but a tendency was de-
tected for the CERES “constrained” estimate of the
shortwave flux to fall below the shipboard measure-
ments. In the “constrained” estimate, adjustments are
made primarily to aerosol and water vapor burdens to
achieve the best agreements between calculated and
observed shortwave and longwave fluxes at the top of
the atmosphere.

In checking the results for the cloud-free compari-
sons, however, six additional cloud-free overpasses
were identified through the analysis of the 1-km satel-
lite imagery that accompanies the CERES CRS esti-
mates. On these overpasses, the 1-min samples of the
downward shortwave radiative flux measured by the
shipboard pyranometer fluctuated wildly and varied by
unacceptable amounts within the 15- and 30-min inter-
vals bracketing the overpass. The rapid fluctuations in
the pyranometer data were initially taken to be due to
cloudy conditions. Such variability, however, could not
be explained by the cloud-free conditions and aerosol
burdens derived from the imagery data. While several
causes for the erratic behavior are plausible, no specific
causes could be found for each of the missed over-
passes. Consequently, the erratic behavior of the pyra-
nometer seemed unpredictable and methods were de-
veloped to screen the shipboard pyranometer data to
avoid cases in which the data might not be valid.

The screening applied to the shipboard observations
identified periods that exhibited temporal stability sub-
ject to the sky conditions being observed. For cloud-
free conditions, the standard deviation of the 1-min
samples for the downward normalized shortwave flux
within both 15- and 30-min periods had to be less than
10 W m 2. The 30-min criterion was dropped for cloudy
skies and the standard deviation of the 1-min samples
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for the downward normalized shortwave flux within 15-
min periods was allowed to grow from 10 W m™~? as a
function of the departure of the associated longwave
flux from a value near its minimum for the month, its
cloud-free value, to 100 W m™~2 when the associated
longwave flux was near its maximum, its value for skies
overcast by low-level clouds. Cloud-free skies and skies
overcast by low-level clouds were readily identified in
the downward longwave observations, as the two sky
conditions were near the extrema of the observations
within a month and they both yielded small standard
deviations in the 1-min samples of less than 5 W m ™2 for
30-min periods.

With these criteria for temporal stability applied,
mean differences within any month of collocations be-
tween the shipboard measurements and the Terra
CERES CRS estimates were less than 2% for both the
longwave and normalized shortwave radiative fluxes.
These comparisons included all shipboard observations
within =15 min of the Terra overpass, and estimates
from all CERES fields of view that were over ocean
within 50 km of the ship at the time of the overpass. The
RMS differences for the daily matchups within a month
were less than 6% for the measured shortwave flux.
Without the temporal stability criteria, mean differ-
ences within a month suffered, rising to as much as 9%
while the RMS differences rose to as much as 13%. In
most cases, the conditions for temporal stability fa-
vored less cloudy conditions as indicated by smaller
downward longwave fluxes and larger downward nor-
malized shortwave fluxes. The longwave fluxes were
unaffected by the erratic behavior found in the Wecoma
pyranometer. The average differences for the down-
ward longwave fluxes were within 2% for each month
and the RMS differences of the daily matchups within a
month were typically less than 5%.
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