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Abstract

Measured upwelling radiances from Nimbus-7 SBUV, seven NOAA SBUV/2 and the
AURA-OMI instruments have been used to calculate the 340 nm Lambertian Equiv-
alent Reflectivity (LER) of the Earth from 1979 to 2011 after applying a new com-
mon calibration. The 340 nm LER is highly correlated with cloud and aerosol cover be-
cause of the low surface reflectivity of the land and oceans (typically 2 to 6 RU, where
1 RU =0.01 = 1.0 %) relative to the much higher reflectivity of clouds plus aerosols (typ-
ically 10 to 90 RU). Because of the nearly constant seasonal and long-term 340 nm
surface reflectivity, the 340nm LER can be used to estimate changes in cloud plus
aerosol amount associated with seasonal and interannual variability and decadal cli-
mate change. The annual motion of the Intertropical Convergence Zone, episodic El
Nino Southern Oscillation ENSO, and latitude dependent seasonal cycles are appar-
ent in the LER time series. LER trend estimates from 5° zonal average and from
2° x 5° latitude x longitude time series show that there has been a global net decrease
in cloud plus aerosol reflectivity. The decrease in global cos? (latitude) weighted aver-
age LER from 60° S to 60° N is 0.79 + 0.03 RU over 33 yr, correspondingto a 3.6 £ 0.2 %
change in LER. Based on energy balance partitioning (Trenberth et al., 2009) this cor-
responds to an increase of 2.7W m~2 of solar energy reaching the Earth’s surface (an
increase of 1.4% or 2.3W m‘z) absorbed by the surface, which is partially offset by an
increase in longwave cooling to space. Most of the decreases in cloud reflectivity oc-
cur over land, with the largest decreases occurring over the US (-0.97 RU decade‘1),
Brazil (-0.9RU decade‘1), and Central Europe (-1.35RU decade'1). There are re-
flectivity increases near the west coast of Peru and Chile (0.8 £ 0.1 RU decade’1) over
parts of India, China, and Indochina, and almost no change over Australia. The largest
Pacific Ocean change is -2+ 0.1 RU decade™ over the central equatorial region as-
sociated with ENSO. An area in Central Greenland shows a decrease in reflectivity of
—0.3+0.03RU decade™" caused by cloud and possible surface changes.
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1 Introduction

The Earth’s energy balance is mostly determined by the shortwave solar energy re-
ceived at the Earth’s surface, shortwave energy reflected back to space, and longwave
energy emitted to space. Both the incoming solar radiation, which includes near ultra-
violet (NUV), visible, and near infrared (NIR) wavelengths, and the emitted outgoing
longwave infrared radiation (IR), are affected by the presence of clouds and aerosols.
Clouds can simultaneously reflect shortwave radiation back to space before it reaches
the Earth’s surface (resulting in cooling) and act as a thermal blanket to trap long-
wave radiation (heating) in the lower atmosphere. One of the key questions concern-
ing global warming is the response of clouds as surface temperatures change. Many
model studies showing temperature increases indicate a positive feedback for clouds
reflecting energy back to space (IPCC, 2007). That is, as the average temperature in-
creases cloud cover decreases so that more solar energy reaches and is absorbed
by the Earth’s surface, which is partially offset by increased outgoing IR radiation. It is
generally agreed that there has been a statistically significant increase in global aver-
age temperature since 1979. An estimate of the increase is 0.15°C decade™’ (Hansen
et al., 2010) or about 0.5° C since 1979. However, in response to the temperature in-
crease, the direction of cloud feedback based on observations is still an open question.

The global heat flow can be partitioned approximately as 341 wWm™ average incom-
ing solar radiation, 102 Wm™2 reflected back to space, and 239Wm™2 from outgoing
long-wave radiation (Kiehl and Trenberth, 1997; Trenberth et al., 2009; Stevens and
Schwartz, 2012). Of the 102 Wm™2 reflected radiation, 74 Wm™2 is reflected by clouds
and aerosols, 5Wm™ by the molecular atmosphere, and 23Wm™2 by the surface.
Clouds also block some of the longwave radiation that would be emitted back to space,
so that a decrease in global cloud amount would increase the amount of solar radia-
tion reaching the Earth’s surface (more heating), but also increase the amount radiated
back to space (more cooling). Depending on the effect of clouds on longwave radiative
forcing, a global decrease in cloud plus aerosol reflectivity could cause an increase
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in net heating. This paper discusses one aspect contributing to the energy balance,
namely the change in the Lambert Equivalent Reflectivity (LER) of the Earth’s cloud
plus aerosol amounts as seen from space for the past 33 yr (1979 to 2011).

Since the long-term wavelength-integrated top-of-the-atmosphere (TOA) solar irra-
diance is believed to be relatively stable (to within 0.1 %) over recent history (Kopp
and Lean, 2011), small changes in the earth’s albedo can have a significant impact
on the net radiation budget affecting climate change. Previous estimates of cloud cover
change have been made using the International Satellite Cloud Climatology Project (1S-
CCP) data archive (Schiffer and Rossow, 1983) derived from visible and infrared (IR)
measurements obtained from a variety of different satellites (polar orbiting and geosta-
tionary). The problems of joining the disparate ISCCP data sets, starting in 1979, to
produce an accurately calibrated long-term time series needed to estimate changes
in short-wave energy reflected back to space has been reviewed by Norris and Slingo
(2009). One of the more accurate cloud data sets is from the CERES instrument start-
ing on TRMM in a low inclination tropical orbit and continuing on the polar orbiting
TERRA satellite starting in 1999 and AQUA in 2002. Two other long-term cloud data
sets exist, AVHRR and HIRS, which have diurnal cloud variation from drifting orbits. An
analysis of ISCCP cloud frequency (Wylie et al., 2005) shows a strong decrease over
land for latitudes 20° N to 60° N that was not seen in corresponding HIRS observations.
ISCCP shows a larger decrease over 20-60° N oceans while HIRS shows a small in-
crease. An analysis (Evan et al., 2007) suggests that the long-term decreases in cloud
cover reported from the ISCCP data may not be reliable, but are instead related to
uncorrected satellite viewing geometry effects.

2 Solar Backscatter UltraViolet (SBUV) data

In October 1978, the first of a series of well calibrated UV measuring satellite instru-
ments, SBUV (Solar Backscattered Ultra Violet) instrument was launched onboard
the Nimbus-7 spacecraft for the purpose of measuring changes in the Earth’s ozone
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amount. The measurements were continued with overlapping data by a series of NOAA
SBUV/2 instruments (1985 to present). A summary of these instruments is given in
Table 1. The longest wavelength channel, 340nm A1.1 nm FWHM (Full Width Half-
Maximum), was chosen in order to measure radiances with almost no ozone absorp-
tion. Backscattered 340 nm radiances provide a useful measure of cloud plus aerosol
reflectivity amount, since it is only minimally affected by changes in the surface (vege-
tation and ocean color).

SBUV instruments measure nadir-view earth radiances with a double monochroma-
tor scanning sequentially through 12 wavelengths between 252-340 nm. Each wave-
length sample requires 2s, and a full scan sequence is completed in 32s while the
spacecraft moves at 7kms™'. The radiances used for deriving LER are obtained from
the 339.8 A1.1nm (A = full-width at half-maximum, FWHM) band for the Nimbus-7
SBUV and seven NOAA SBUV(/2) instruments. Both the backscattered radiance /.
and solar irradiance /g, are measured at twelve discrete narrow-bandwidth ultravi-
olet wavelengths: nominally 256, 273, 283, 288, 292, 298, 302, 306, 312, 318, 331
and 340nm. The exact operational wavelength used for this study varies between
339.75nm and 339.92nm for the different instruments, with a bandpass of 1.1 nm
FWHM. The SBUV/2 instrument field of view is 11.13° x 11.13°, which produces a nadir
footprint of 168km x 168km (equivalent to 1.5° latitude x 1.5° longitude at the Equa-
tor). The earlier Nimbus-7 SBUV (1978-1990) footprint is slightly larger because the
satellite flew in a higher orbit. All of the data products are produced from normalized
radiances /g //soiar to Minimize the effects of instrument calibration changes.

The SBUV-SBUV/2 data give nearly complete global coverage (80° N to 80° S) every
7 to 10 days for the entire 33-yr period, consisting of 19.2 million individual observa-
tions taken by the seven instruments, or a mean of 68 independent LER observations
per 5° latitude band per day with some overlap between instruments. After applying
common calibration, overlapping data are averaged together to form a single time se-
ries of 340 nm LER. Five of the instruments (NOAA-16, -17,-18, -19 SBUV/2, and OMI)
continue to take daily observations into 2012, of which the first 3 are used to estimate
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long-term change in LER. For those SBUV/2 instruments that had drifting orbits (slowly
changing equator crossing times), diurnal changes in LER were removed (Labow et al.,
2011) by correcting to noon values.

The TOMS (Total Ozone Mapping Spectrometer) instruments (Nimbus-7/TOMS NT
and Earth Probe TOMS EP) are not included in the combined 33-yr LER data set be-
cause of remaining problems with the photomultiplier detector hysteresis effects (NT)
and scan mirror degradation (EP). The hysteresis effect concerns the emergence of a
photomultiplier tube instrument from night into bright daylight scenes, where the pho-
tomultiplier tube’s anode has not had time to thermally equilibrate. Hysteresis effects
for the SBUV series are not as severe, and have been corrected.

The Ozone Monitoring Instrument (OMI) onboard the AURA spacecraft is a hyper-
spectral CCD instrument that also is used to measure 340 nm LER. This study does
not include the OMI 340 nm LER in the LER trend analysis in order to keep the type of
observation consistent for the entire 33 yr. An analysis including OMI data shows that
it does not change the trend results significantly.

The 340 nm derived reflectivity data set provides an alternate estimation for the ef-
fect of cloud plus aerosol cover to that provided by the ISCCP, HIRS, and AVHRR data
records. There are key differences in the data sets: (1) The 340nm LER is not signif-
icantly affected by the ground reflectivity (Rg < 0.06) compared to visible or near IR
wavelengths. (2) The satellites are all of the same type (nadir viewing polar orbiting
SBUV and SBUV/2), which are all able to see the Arctic, Antarctica, and Greenland for
in-flight calibration or calibration validation. (3) Some of the SBUV/2 instruments were
compared with the accurately calibrated Space Shuttle SBUV (SSBUV) flown 8 times
between 1989 and 1996. (4) The quantity measured, Lambert Equivalent Reflectivity
LER, is a direct measure of energy reflected from clouds and aerosols. (5) The LER
data are corrected for diurnal variation in cloud cover in a manner that does not remove
long-term changes. (6) Unlike ISCCP, the SBUV LER data are not able to separate the
different types of clouds, do not separately give optical depth and cloud fraction, and
cannot separate clouds from aerosols.
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The previous shorter period LER trend estimates (Herman et al., 2009, 2010) were
based on measured radiances at 380 A0.5nm from Nimbus-7/TOMS (N7T) and at 412
A10nm from SeaWiFs (SW). Prior to recalibrating the SBUV and SBUV/2 instruments,
it was shown that most of the major reflectivity features were commonly observed at
times when there was overlap between the instruments (Herman et al., 2009, Fig. 8).
However, the relative calibration between the various satellite instruments was inade-
quate for the estimation of long-term trends over the entire data record. For the overlap
period 2001 to 2006, NOAA-16 SBUV/2 was shown to agree closely with the zonal av-
erage trend estimates from SeaWiFs (1997 to 2008). Finally, latitude x longitude trend
estimates were made for N7T and SeaWiFs (Herman et al., 2009, Fig. 13), which
showed significant LER decreases over land areas in the Northern Hemisphere as
well as some localized increases in the equatorial Pacific Ocean and near the west
coast of South America. However, there are also significant LER differences between
the two observing periods based on N7T (380 A0.5nm) and SeaWiFs (412 A10nm),
which may partly depend on instrumental characteristics. Since the SBUV and SBUV/2
are the only series of instruments having very similar observing characteristics, span
the entire data record 1979 to present, and have a new common calibration, the LER
time series (60° S—60° N) are constructed entirely from their recalibrated measured ra-
diances.

3 Satellite instrument calibration

The primary measured quantity used in all derived products is the ratio of nadir-viewed
backscattered earth radiances to measured solar irradiance at each wavelength. Solar
irradiance is measured by deploying a diffuser to reflect sunlight into the entrance slit of
the monochromator as the satellite crosses the terminator into the night side. The solar
diffuser is the only element not common to the optical path in the two measurements.
As a result, many factors in the instrument sensitivity calibration are canceled in the ra-
tio of measured earth radiances to measured solar irradiance (directional albedo) used
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for the LER retrieval. Characterizing changes in diffuser reflectivity is a key element in
determining time-dependent calibration changes.

Each SBUV instrument was calibrated in the laboratory prior to launch. The pre-
launch calibration procedures include measuring and characterizing the monochroma-
tor wavelength scale and band pass, electronic offset, photomultiplier tube (PMT) out-
put inter-range gain ratios, thermal response, nonlinearity, radiance and irradiance sen-
sitivity, solar diffuser reflectivity, and diffuser reflectivity angular dependence (Frederick
et al., 1986). The radiance and irradiance calibrations are traceable to standard NIST
(National Institute of Standards and Technology) quartz-halogen tungsten-coated fila-
ment (FEL) lamps and diffuser BRDF (Bi-Directional Reflectance Distribution Function)
standards (e.g., Huang et al., 1998; Georgiev and Butler, 2007). These measurements
are performed using the same laboratory configuration (Fegley and Fowler, 1991). The
only difference between the radiance and irradiance calibration is the use of a labora-
tory diffuser deployed in the same position as the solar diffuser used for in-flight solar
irradiance measurements. Therefore, the albedo calibration (ratio of radiance sensitiv-
ity to irradiance sensitivity) depends only on the diffuser BRDF characterization rather
than the lamp irradiance standard.

On-orbit validation of the albedo calibration for the earlier SBUV/2 instruments is
based, in part, on coincidence analysis with Shuttle SBUV (SSBUV) data from eight
flights between 1989 and 1996. Each SSBUV flight had both prelaunch and post-launch
laboratory calibrations traceable to laboratory BRDF standards. The laboratory stan-
dards for the SSBUV-6, SSBUV-7, and SSBUV-8 flights were also used for all SBUV/2
instruments from NOAA-14 onward, and are designed to be more accurate than previ-
ous standards (Janz et al., 1995). In the present LER study, NOAA-11 albedo calibra-
tion is revised to be consistent with SSBUV-6. And, the N7-SBUV and NOAA-9 albedo
calibrations are adjusted to the current laboratory standard, based on the coincidence
radiance comparison with NOAA-11.

The prelaunch albedo calibration can also be validated on-orbit using measurements
of Antarctic plateau regions, as described by Jaross and Warner (2008). NOAA-17
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and NOAA-19 LER values over Antarctica are in good agreement with NOAA-11 and
NOAA-14 measurements (after adjustments based on SSBUV coincidences in March
1994 and January 1996). NOAA-16 and NOAA-18 LER values were found to be ap-
proximately 6 % lower than concurrent NOAA-17 data, so their calibrations were ad-
justed upwards. Further details are given in DeLand et al. (2012).

Nimbus-7 SBUV and Nimbus-7 TOMS radiance measurements were originally ob-
served to be as much as 10% low when emerging from darkness in the Southern
Hemisphere (SH). This behavior, termed “hysteresis”, was caused by a delay in the
PMT anode reaching thermal equilibrium from exposure to the backscattered radi-
ances. A correction was developed for Nimbus-7 SBUV by comparing PMT signals
with concurrent data from a reference diode that does not have this problem. DelLand
et al. (2012) provides additional details about the correction procedure, which has an
uncertainty of approximately 0.5 %. The impact on LER data is mainly at polar latitudes
in the SH (Southern Hemisphere) summer, but can extend to the Equator during SH
winter. Since NOAA-9 measured the 340 nm radiance with PMT cathode output at solar
zenith angles SZA less than 80°, its 340 nm LER data is not affected by hysteresis, but
has other uncharacterized anomalies that reduce its accuracy. The procedures to cor-
rect NOAA-9 anomalies and the Nimbus-7 SBUV hysteresis problem over Antarctica
are given in detail by Wellemeyer et al. (1996) and DeLand et al. (2001).

The SBUV/2 instruments use emission lines from an on-board mercury lamp to mon-
itor diffuser reflectivity changes in orbit (Weiss et al., 1991), as well as changes from
prelaunch laboratory values to those in-orbit. Errors in the goniometric calibration of the
diffuser can also be evaluated and corrected using the solar irradiance measurements
(Ahmad et al., 1994). All instruments from NOAA-11 onward have used this system
to monitor the time-dependent change of the albedo calibration in orbit. For Nimbus-
7 SBUV and NOAA-9 SBUV/2, an alternate procedure involving more frequent solar
exposures was developed to characterize diffuser changes (Schlesinger and Cebula,
1992), which was less reliable than the on-board calibration system.
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The analysis of 340nm radiance measurements over Antarctic snow/ice covered
regions provides additional validation for the albedo calibration time dependence, as
described by Huang et al. (2003) and DelLand et al. (2012). For NOAA-14 and NOAA-
16, the snow/ice radiance results agree with the onboard calibration system within their
combined long-term uncertainty (~ 1%). For NOAA-11, NOAA-17, and NOAA-18, the
snow/ice radiance results are used for the time dependence calibration of the 340 nm
channel, which is also validated in the ozone product analysis (DeLand et al., 2012).

The Standard calibration procedures were developed for estimating ozone amounts
based mostly on ratios of UV wavelengths (306, 312, 318, and 331 nm). While the
calibration procedures were also applied to 340 nm radiances, a comparison of the
overlapping 340nm LER time series from different SBUV SBUV/2 instruments over
the Antarctic plateau showed that there were still differences. To remove these differ-
ences, we assume that there has been no long-term change in the reflectivity of the
Antarctic plateau over the 33-yr period of our data set to establish the final calibration
for each instrument represented in the LER product. The average LER for each instru-
ment was calculated during each SH summer season (December—January) mostly in
the solar zenith angle range SZA = 60°-70°. When satellite orbit drift makes this SZA
range unavailable in some years, we calculate the seasonal average LER values using
SZA =70°-78° and scale this value to 60°-70° conditions using a linear fit for SZA
60° to 80° measured during the satellite’s first year in orbit. Four of the SBUV instru-
ments used have absolute calibrations that are directly traceable to NIST standards,
either through prelaunch calibration (NOAA-17 and NOAA-19) or through SSBUV co-
incidence analysis (NOAA-11, NOAA-14). The average of all summer LER values
was calculated from these four instruments to define a reference Antarctic LER value
of Aag = 96.92RU with a standard deviation of 0.51 RU (where 1RU = 0.01 = 1.0%).
NOAA-11 data from 1992 were excluded from this calculation to remove the effects of
the Mt. Pinatubo volcanic eruption. Small adjustments (typically less than +£0.5 %) were
then made to each instrument’s calibration so that its average Antarctic LER value also
equaled A,,4. A linear fit to all adjusted Antarctic LER values (excluding 1992 data)
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gives a long-term trend of 0.00 +£ 0.20RU over 33yr, as shown in Fig. 1. This result
shows that the calibration uncertainty is sufficiently small to permit determining decadal
trends larger than 0.2/3.3 = 0.06 RU at other latitudes.

4 Lambertian Equivalent Reflectivity (LER)

Lambertian Equivalent Reflectivity R is calculated by requiring that the measured de-
polarized normalized radiance /g, matches the calculated normalized radiance /g at
the observing position of the satellite (Eq. 1) by adjusting a single free parameter R
in the formal solution of the radiative transfer equation (Chandrashekar, 1956; Herman
et al., 2001).

RI4(Q,0,P,)f(RQ,6,P,)

s(2.6.7.5) = = hs @R

+140(R,6,R) = Isy (1)

where

Q = ozone amount

6 = viewing geometry (solar zenith angle, satellite look angle, azimuth angle)
R=LERatPR (0<A<1)

P, = pressure of a surface with reflectivity A at the local ground altitude.

S, = fraction scattered back to P, from the atmosphere

Iy = sum of direct and diffuse irradiance reaching £,

f = fraction of radiation reflected from F, reaching the satellite

l4o = radiance scattered back from the atmosphere for # =0 and P = F,.

The units of reflectivity are frequently given in percent that is defined as 0% for a
completely absorbing dark surface and 100 % for a totally reflecting surface. To avoid
confusion between absolute reflectivity with relative percent changes in reflectivity, the
LER is expressed in “Reflectivity Units” or RU rather than percent (0 < LER < 100RU).

Satellites with comparatively large FOVs, such as the 180 x 180 km? FOV for SBUV
and 168 x 168km? for SBUV/2, containing a mixture of sub-pixel views of the surface
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and clouds, tend to appear Lambertian because of the blurring and averaging of ge-
ometric features. Satellites with small FOVs (e.g., 1 x 1 km? from MODIS) are likely to
resolve major cloud and surface irregularities, instead of averaging over them, so that
the resolved features may not exhibit Lambertian behavior.

All of the radiative transfer calculations are performed using plane parallel geometry
with spherical geometry corrections applied for all solar zenith angles. To avoid errors
in the correction, the data are limited to SZA < 80°. For the SBUV and SBUV/2 series,
the viewing angle is always 0° (nadir viewing). Shadows of elevated cloud decks upon
the lower clouds may lower the apparent LER for a given cloud amount as a function of
latitude and season. Other situations, such as thin multi-layer cloud decks can increase
the LER because of inter-layer reflections. Because of this, the LER is not a measure of
cloud + aerosol amount, but rather an estimate of the amount of energy reflected back
to space or transmitted T to the earth’s surface (approximately T = (100-R)/(100-Rg))
(Herman et al., 2009), where Ag is the 340 nm LER of the Earth’s surface.

Previous studies have used BUV-type instruments to compile climatologies and time
series of LER or estimated minimum Surface LER (SLER) (Herman and Celarier, 1997;
Herman et al., 2001, 2009; Kleipool et al., 2008) as a function of location and month.
In the absence of snow or ice, the UV surface LER is typically well below 10 RU. These
studies have shown that the LER over land is generally 2—4 RU in the NUV (340-
380 nm), and up to 10 RU in small desert regions such as in Libya. There is little sea-
sonal variation in NUV land reflectivity compared to the visible and near IR wavelengths
except in the presence of snow/ice. LER over ocean varies from 4-6 RU, with small re-
gions of up to 9 RU. Lower ocean LERs correlate with regions of phytoplankton growth,
as chlorophyll a and other aquatic chromophores that absorb in the NUV. Higher ocean
reflectivities correlate with comparatively clear ocean water. An estimate of the global
average surface LER for scenes without snow or ice is about 5 RU based on Herman
and Celarier (1997).

Histograms for LER frequency of occurrence for typical scenes are given in Herman
et al. (1997) and Kleipool et al. (2008), with the lowest occurrences corresponding to
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nearly aerosol- and cloud-free scenes. While it is difficult to obtain completely cloud-
free scenes with a large satellite footprint (relative to the size of individual clouds or
mesoscale cloud formations), the minimum values of LER are taken as a slight over-
estimate of surface reflectivity as observed from space over many years of daily data.
Instruments with a higher spatial resolution (smaller FOV), such as OMI or MODIS, are
statistically more likely to provide cloud-free scenes through the gaps between cloud
formations than SBUV.

The 340 nm nadir-viewing observations in this study assure that the satellite look or
viewing angle is uniform and free of specular reflection (Sun glint). A depolarizer on
the instruments removed sensitivity to Rayleigh scattering polarization effects (Heath
et al., 1975). Data in this analysis is restricted to 60° N-60° S so as to remove most of
the effect of persistent snow/ice cover, although snow and ice are still a factor in the
high northern latitude boreal winter months. There is almost no land at high southern
latitudes, 45° S—60° S, upon which snow can accumulate. The effect of surface winds
affecting ocean wave brightness (white-caps) is included in the calculated LER.

LER represents the combined cloud, aerosol (including haze) and surface scene re-
flectivity as observed from space. Changes in LER are mostly caused by clouds and
aerosols, except in regions covered by snow/ice (e.g., Greenland). An example from a
single day, 10 September 2008, is shown in Fig. 2 using the daily imaging capabilities of
OMI. The main patterns are higher reflectivities towards the polar regions, an equato-
rial band of clouds at about 5° N, and local minima (more cloud-free) at about 20° N and
20° S. Some of the smaller features are frequently recurring, such as the cloud plumes
going south-eastward from Argentina, Southern Africa, and Australia. Significant sul-
fate aerosols, which typically rise to an altitude of 3-5km when well away from their
sources, can sometimes increase the nadir-viewing LER of a scene up to 15RU rela-
tive to a clear-sky background. Soot, smoke, desert dust, volcanic-ash, black carbon
and organic aerosols absorb in the NUV and can decrease the scene reflectivity.

While there is substantial daily variability in both cloud amount (fraction of area cov-
ered) and patterns, the general seasonal reflectivity features repeat each year with
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small shifts in location. In addition, there are some quasi-cyclic features related to at-
mospheric oscillations (e.g. the 2.3 yr Quasi-Biennial Oscillation, QBO, and the more
irregular ElI Nino and La Nina Southern Oscillations). These oscillations have well-
known effects on weather, so that long-term secular changes are of interest in climate
studies.

The combined 33-yr 340nm SBUV LER data record has been used to show that
reflectivity related to the amount of cloud cover varies systematically as a function of
time throughout the day, with a minimum near noon over the oceans and a maximum
during the afternoon over land (Labow et al., 2011). The corresponding effects of LER
diurnal variability that arise from different SBUV/2 instruments operating at different
local times have been partially removed by correcting the data to noon-time values.
Maximum correction of LER values to their noon-normalized equivalents is typically
less than 2 RU.

5 Zonal average LER

The 340-nm radiance data used to form the zonally averaged LER time series in 5°
bands were derived from newly re-calibrated production files for the SBUV instruments.
Aside from the new Antarctic ice radiance common calibration, no smoothing or adjust-
ments have been made to make the LER values agree at overlapping times at other
latitudes. When the satellite data sets overlap, the LER values are averaged using
equal weights. The combined zonally averaged time series are shown in Fig. 3 for ev-
ery other 5° latitude band for both hemispheres and all the latitude bands in Fig. 4.
There are some missing data at high southern latitudes caused by the drifting orbits
of the earlier SBUV/2 satellites. The presence of drifting orbits in the SBUV/2 LER
time series requires a correction for LER measured at different times of the day to lo-
cal noon values (Labow et al., 2011), since there is significant systematic variability in
cloud amount during the day over both land and oceans as a function of latitude.
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In the equatorial region represented by 17.5° N to 17.5° S, the annual maxima occur
in June in the Northern Hemisphere (NH) and in January in the Southern Hemisphere
(SH). This corresponds to the clouds following the annual motions of the inter-tropical
convergence zone (ITCZ). Once outside of the ITCZ at 27.5°, the annual cycle weak-
ens, especially in the SH. In the NH there is a relatively small peak caused by winter
cloud conditions occurring over the land. The corresponding zonal band in the SH is
mostly water. From 30°N to 60° N, the annual cycle is dominated by land conditions
with heavy cloud cover plus snow in the winter causing a maximum LER in January.
The corresponding 30-60° zone in the SH is more complicated. There is a weak winter
signal from 35° S to 40° S with an LER maxima occurring in June. In the 45° S to 50° S
the annual cycle is dominated by the ocean cloud cover with little coherent annual cy-
cle. Finally, at higher latitudes 55° S to 60° S the annual cycle reappears, but with the
maxima occurring in the spring (October—November) with maximal cloud amount after
winter cooling (Haynes et al., 2011). This region corresponds to the southern polar vor-
tex wind system, associated with the Antarctic ozone hole, which maximizes in areal
extent in September—October and breaks up in October to November.

Figure 4 shows an alternate representation of the multi-year zonal average LER
variability and annual cycles based on monthly averaged data. The figure shows the
lack of symmetry between the NH and SH with a local June maximum at 7.5° N (green)
and the minimum LER at about 17.5° in each hemisphere. The phasing of the annual
maxima and minima shifts as a function of latitude. The highest LER are in the near-
polar regions, with the annual average LER in the Southern Hemisphere higher than
that in the Northern Hemisphere.

Figure 5a shows the 33-yr annual average noon-normalized reflectivity as a function
of latitude, with the equatorial region having a pronounced hemispherical asymmetry
(a maximum at 7.5°N and two minima at 17.5°N and 22.5° S). The noon normaliza-
tion limits the latitude range to +60° in Fig. 5a, whereas the OMI LER (Fig. 5b) is in a
near-noon orbit (1330) and can be extended to £85°. The 7.5° N offset maxima corre-
sponds to the Inter-Tropical Convergence Zone (ITCZ) which has annual mean position

32005

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 31991-32038, 2012

A net decrease in the
Earth’s cloud plus
aerosol reflectivity

1979-2011

J. R. Herman et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

between 5°N and 10°N, but shifts northward during boreal summer and southward
during boreal winter. The two minima at 17.5°N and 22.5° S correspond to the sub-
sidence side of Hadley circulation dominated by the subtropical high-pressure belts.
The reflectivity difference in the two minima are related to the ratio of land to water in
the two hemispheres, with oceans having more persistent low, non-precipitating cloud
cover than land, mainly in the west side of continents underlying cold ocean currents.
The latitudinal dependence of the LER curve in Fig. 5a is similar to the CERES re-
flected shortwave flux (Stevens and Schwartz, 2012, their Fig. 9). Figure 5b shows
the seasonal variation of the zonal average reflectivity as derived from 4 yr of OMI 340
A1.1nm LER data. During the NH summer and autumn months (May to October) the
local equatorial LER maximum is located at about 8° N and shifts to about 4° N during
the winter and spring months (November to April). In the NH, the winter (December to
February) LER is higher than in the summer (June to August) from 25° N to 80° N with
a larger difference than in the SH winter (June to August) compared to the SH summer
(December to February). The hemispheric differences in the seasonal behavior of the
LER are caused by the much smaller land to ocean ratio in the SH.

There is a strong correlation of the equatorial LER (5° S—5° N) with the Multivariate El
Nino Southern Oscillation Index (MEI) (Wolter and Timlin, 1993, 1998), which can be
found at: http://www.esrl.noaa.gov/psd/enso/mei/table.html. MEI is composed from a
principal component analysis of a combination of six variables: (1) sea-level pressure,
(2) zonal and (3) meridional components of the surface wind, (4) sea surface temper-
ature, (5) surface air temperature, and (6) total cloudiness fraction of the sky. Figure 6
shows a comparison between the equatorial cloud cover in two zonally averaged LER
time series for the bands 0° to 5°N and 0° to 5° S. The daily LER data are time filtered
by using a 90-day low-pass filter to correspond with the MEI data. In Fig. 6 the MEI
data (approximately in the range MEI = £3) are scaled by adding the constant 33-yr
average LER to the MEI (MEI + 23.68 at 5° N and MEI + 25.27 at 5° S).

The correlation of the 0-5° N LER with the MEI is very high for major ENSO events
in 1982-1983, 1986-1987, 1991-1992, and 1997-1998, and for most of the other later
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significant ENSO events (e.g., 2010-2011). High correlations occur from 1979 to 2002,
after which the correlation breaks down with an apparent anticorrelation in 2005 and
2008, during the period when ENSO occurred every year. The anticorrelation between
the equatorial zonal mean LER and MEI can be attributed to the differences in spatial
pattern between the Central Pacific types of ENSO (2004—2005, 2006—2007 EI Nino)
and the Eastern Pacific types of ENSO, 2005-2006 and 2007—2008 La Nina (Kao and
Yu, 2009; Singh et al., 2011), with the positive correlation resuming in 2010. Over the
period 1979 to 2011 the decadal pattern of variability of the MEI and LER are similar.
For example, there is an apparent upward trend in the LER from 2000 to 2010 that
also appears in the MEI. The matching of the long-term patterns between LER and
MEI strongly suggests that the observed LER changes are not instrumental artifacts,
but instead represent real physical changes in cloud plus aerosol reflectivity. A similar
comparison for the zonal region 0-5°S shows a weaker 90-day correlation with MEI
except for the two major ENSO events. However, the longer period (5 yr) correlation is
apparent.

The volcanic eruptions from El Chichon (March 1982) and Mt. Pinatubo (June 1991)
inserted large amounts of particulates into the atmosphere that were easily observ-
able over a wide range of latitudes, especially at sunrise and sunset for a year after
the eruptions. To see if these effects are in the LER time series, the annual cycle
was removed from the 30°S to 30° N zonal average LER(30° S—-30° N, t) time series
by subtracting a best-fit sinusoid as a function of time (¢, 0.5793, 0.50016 in years),
21.1327 - 0.6602sin(7(t + 0.5793)/0.50016) RU. Figure 7 shows that the deseasonal-
ized LER(30° S—30° N, t) short-term perturbations are coincident with major volcanic
eruptions of El Chichon in 1982 and Mt. Pinatubo in 1991 as well as the major ENSO
events represented by the MEI. However, a significant component of the MEI consists
of local cloud observations that could also contain volcanic eruption perturbations. The
effect of ElI Chichon and Mt. Pinatubo eruptions on the deseasonalized LER(30° S—
30° N, t) cannot be clearly separated from the coincident ENSO events. In addition to
the short term perturbations, the resulting deseasonalized time series has a long-term
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linear decrease of 0.2 +£ 0.01 RU per decade, which would be significant for estimating
increases in solar insolation related to climate change.

6 Long-term change in LER

The long-term change in LER(6,t) for each latitude band centered on 8 can be es-
timated from a linear least squares fit to each zonal average LER time series or de-
seasonalized time series. Because of the length of the time series, and the use of
complete years, the linear trend of each time series including the annual cycle and the
deseasonalized time series are almost identical. The results (Fig. 8) show that there is
a major difference in the LER change between the hemispheres. Most of the change
occurs in the NH, having more land area compared to the SH, with more ocean area.
There is also an additional large change in the equatorial region, 8 = 15° S to 5° N that
is caused by changes in the Pacific Ocean ENSO region near 175° W longitude. The
largest change, AR = —0.9RU per decade, is near 50° N with large changes at 30° N—
40°N (AR = -0.7RU per decade). A significant contribution comes from the equatorial
band between 0° and 15° S (AR = —0.5RU per decade near the equator), which is im-
portant for estimating the change in energy reflected back to space caused by changes
in the Earth’s reflectivity.

To estimate the effect of reflectivity change on the energy reflected back to space, the
zonally averaged LER(8,t) is weighted by 0032(9), to account for the decreasing area
of higher latitude bands and for the angle of the incident solar irradiance for 6 = 60° S
to 60° N (Eq. 2 and Fig. 9). This simplified weighting neglects the small effect from the
seasonal +23.3° tilt of the Earth’s rotation axis, which would introduce a 10 % annual
cycle to the weighted LER(8,f). A best fitting sin(f) function was subtracted from the
data to provide a deseasonalized version (Fig. 9b). A linear least squares fit gives a
decrease in the 60° S to 60° N reflectivity at a rate of 0.24 +0.01RU per decade or a
total of about 0.79 £ 0.03RU since 1979. There are several multi-year cycles apparent
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in the time series, including one near the end of the times series, indicating that the
increase in LER above the least-squares mean during the past few years is temporary.

The average cos®(6) weighted LER reflectivity (Eq. 2) for 6 = 60° S to 60° N is (R) =
26.9RU for clouds plus aerosols and the Earth’s surface. Of this amount, the average
reflectivity of the surface is about 5 RU (estimated from Herman and Celarier, 1997), or
(R) = 21.9RU for clouds plus aerosols. The change over 33yris A(R) = -0.24 x 3.3 =
—0.79RU. Assuming that there has been no long-term change in the surface reflectivity,
the change (0.79 RU) represents a decrease of 3.6 £ 0.2% of 340 nm energy reflected
back to space by clouds plus aerosols over 33 yr.

60
> LER(8)cos®(6)
(R) = —— )
> cos?(0)
-60

To estimate the effect of a 3.6 % decrease in cloud plus aerosol reflectivity in terms
of shortwave energy change AE absorbed by the surface, we assume as starting val-
ues Trenberth et al. (2009) estimate of 341 3Wm™ average solar energy at the top
of the atmosphere, 78 Wm™2 absorbed by the atmosphere, 79Wm~2 reflected by the
atmosphere plus clouds and aerosols, and 23 Wm™ reflected by the surface (Fig. 10).
Rayleigh scattering is assumed to be 6 % of the incident radiation or 4.74Wm2. Of
the incoming radiation, 79 — 4.74 = 74.26Wm™2 are reflected by clouds and aerosols,
giving a fractional cloud plus aerosol reflectivity of 74.26/341.3 = 0.2176. The esti-
mated broadband reflectivity value is close to the fractional 340 nm LER estimate of
(R) = 0.219. The radiation heading toward the surface is 341.3-78-79 = 184.3Wm™2,
of which 23Wm™2 is reflected from the surface yielding 102Wm™ of total reflected
radiation and 161.3Wm™2 absorbed by the surface. The effective fractional surface
reflectivity based on Trenberth et al. is Rg = 23/184.3 = 0.1248, and is assumed to re-
main constant in time. For calculating energy change AE, the exact starting numbers
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(i.e. Trenberth et al., 2009) do not make a significant difference. Extra significant figures
are retained only for ease in checking the calculations.

Since the effects of Rayleigh scattering have been removed from the LER calculation
(Eqg. 1), it is assumed that the LER change measured at 340 nm can be applied over
a wide wavelength range 1 < 1000 nm containing about 70 % of the incident shortwave
solar energy. To make a simplified calculation of the shortwave change AE in solar
energy A < 4000 nm (99 %) absorbed by the surface from change in reflectivity A(R), it
is assumed that the absorption of the atmosphere 78 Wm™ is constant in time out to
4000 nm.

Assuming the 78Wm™ atmospheric absorption does not change with time, the
3.6 % decrease in average cloud plus aerosol reflectivity gives a reduced cloud plus
aerosol fractional reflectivity of 0.2176 x (1 — 0.036) = 0.2098 giving 341.3 x 0.2098 =
71.60Wm™2. Then the clouds and atmosphere reflect 71.60 +4.74 = 76.34Wm'2, and
341.3-76.34 - 78 = 186.96Wm ™2 reaches the surface. The amount reflected from the
surface is now 23.33Wm™ and 186.96 — 23.3 = 163.66 Wm™ is absorbed by the sur-
face. The total reflected solar radiation is now 76.34 + 23.33 = 99.67Wm™2. The differ-
ence is 99.67 — 102 = —2.33Wm‘2, which is the same as the difference absorbed by
the surface, AE = 163.63 -161.3 = 2.33Wm’2, or a change of 1.4 %.

The net change in shortwave radiation absorbed by the surface, AE = 2.3Wm_2, is
partially offset by a change in longwave cooling to space arising from the decrease
in cloud plus aerosol amount, an increase in thermal energy radiated at the sur-
face caused by a 0.5° C increase in global average surface temperature since 1979
(Hansen et al., 2009), and changes in tropospheric temperatures. The amount of the
longwave offset plus changes in atmospheric absorption determine whether the cloud
plus aerosol change represents a positive or negative feedback.

Including the seasonal change in insolation (solar declination changing between
+23.3°), starting with 1361 Wm™ at the top of the atmosphere (TOA) and the
noontime-corrected latitude by longitude 340 nm LER for each day since 1979 (Fig. 11)
modified by the average diurnal LER variation (Labow et al., 2011), we obtain a nearly
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identical value of 2.28 Wm™ increase in solar radiation absorbed by the earth’s surface
over 33yr.

As shown in Fig. 10, the long-term decreases in LER(8,¢,f) mostly occur over land
in both the SH and NH, with the largest LER decreases occurring over Central Europe.
The results suggest a gradual increase in solar energy reaching the ground and long-
wave cooling to space since 1979 for these regions. In contrast with LER decreases
over adjacent land areas, the LER change over the nearby Pacific Ocean ranges from
local increases to areas where the changes are statistically not different from zero. The
clear separation for ALER(8,¢p) between land and ocean indicates that the observed
zonal average LER decreases are not from the SBUV and SBUV/2 calibration issues.
The decrease of cloud cover from Eastern Asia over the Pacific Ocean largely dissi-
pates before reaching the middle of the Pacific Ocean. The same is not the case over
the much smaller Northern Atlantic Ocean, where the prevailing west to east winds
transport continental cloud cover over the ocean. This means that the decreases in
cloud amount over the Northern US and Canada can also be seen over the North
Atlantic.

The noon normalized time correction (Labow et al., 2011) could not be applied at high
latitudes above 60° in (Fig. 10 lower panel) because of insufficient diurnal data from the
satellites. In both the uncorrected and noon normalized data there has been no change
observed over most of Central Africa, with a small decrease in LER over South Eastern
Africa near Madagascar. The land regions showing the largest LER increase are in
India and Indochina. Australia and New Zealand are largely unchanged. North and
South America show a significant decrease in LER. There are interesting ALER(8,¢)
features over the oceans that are related to clouds that appear to be associated with
ocean currents. Cloud cover has increased over the region where the Humboldt Current
impacts the western coast of South America in the region between 10°S and 20°S.
There is a similar increase off the west coast of North America associated with the
California Current and in the Pacific region just north of the Equator at 5° N and a large
region of decrease just south of the equator near 170° W to 170° E. The regions of LER
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increase near the west coasts of North and South America also appear as regions of
enhanced cloud cover in Fig. 2. A smaller, but similar feature appears near Indonesia
and runs southward to just northeast of Australia.

Most of the estimated change in solar insolation comes from the latitude bands be-
tween 15° S to 0° (31 %) and between 25° N to 60° N (36.3 %). The percent distribution
of solar insolation increase with latitude is shown in Fig. 12. If the LER changes are
caused by global warming, then the LER change may represent a positive feedback
that amplifies the warming effect over land in the NH, parts of the SH, and the north po-
lar region (Fig. 11). In the Arctic region, the LER data are entirely from April to August,
so that the trends shown near the Arctic in Fig. 11 are representative of the summer
months. Since the maximum amounts of daily solar insolation occurs at latitudes pole-
ward from the Arctic (and Antarctic) circle during summer, long-term decreases in LER
(increases in solar insolation) may contribute to decreasing ice amounts. However, the
LER cannot separate decreases in ice reflectivity from decreases in cloud reflectivity.
If the observed LER decreases are partly caused by areal decreases in ice reflectivity,
the change still represents less energy reflected back to space and more solar energy
absorbed by the surface.

7 Regional LER time series and trends
7.1 Mid Pacific Ocean

Figure 13 shows a 90-day low pass filter LER time series (black) for a portion of this
region bounded by the box 1° S—9° S, 157° W—177° W along with the MEI (grey) showing
a degree of correlation for most LER events. The correlations with MEI are similar to
those in Fig. 6 except that the local LER decreases (2 + 0.1 RU decade_1) are much
larger than for the equatorial zonal average (0.5 RU decade™ )-

The time series appears to be dominated by peaks occurring in 1983, 1987, 1992,
and 1998, which could affect the estimated linear slope. The MEI time series also has a
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slope of —0.2 £ 0.05 per decade. After removing the slope from the multivariate ENSO
Index to obtain MEIp, and then creating the function LERp = LER - 4MEIL + 19.47, the
major peaks are removed and the new slope estimated as —2.1+0.1 per decade, which
is approximately the same as before. Figures 11 and 13 suggest that there is a long-
term change in the underlying ocean currents in the equatorial region and a decrease
in the frequency of major ENSO events. The larger peaks in LER and MEI after 2000
(2003 and 2010) are significantly smaller than the four earlier peaks. The decrease in
LER during the past three decades (Fig. 12) is consistent with the observed decrease
in equatorial precipitation and cloud cover in the Central Pacific (0 to 10°S, 150°E to
120° W) during 1979 to 2010 (Gu and Adler, 2011).

8 Additional sites

LER trends from additional specific sites selected from regions with significant change
shown in Fig. 11 are shown in Figs. 14 to 16 and Table 2 along with maps Figs. 14-16
taken from Google Earth.

8.1 South America

The same multi-year patterns appear in the South American LER time series with op-
posite trends over the ocean and over land (Fig. 14). The trend over land is similar to
those on North America (Table 2).

8.2 Greenland

The LER trend over Greenland (Fig. 15) shows that a significant decrease in scene

reflectivity may be partly composed of changes in surface ice reflectivity or changes in

the cloud cover over the ice. For ice-covered scenes, the situation is uncertain, since

clear-sky scenes are brighter than clouds over ice. However, the adjacent areas show

decreased reflectivity over the nearby oceans, suggesting that more sunlight is reach-
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ing the ice surface, causing it to darken because of melting. Most of the data shown in
Fig. 15 is from the summer because of the high latitude, where sunlight to disappears
after the September equinox.

8.3 India, Southern China, and Indochina

There is an increase in LER of 0.5 RUdecade™" over a wide region indicated by the

box drawn in Fig. 16 that implies a decrease in sunlight reaching the surface. Specific
areas within this region (e.g. Southern India, Table 2) have larger increasing trends
(0.89RU decade_1) than the area average. The increasing LER is consistent with the
observed increase in rainfall in the Asian monsoon region (Gu and Adler, 2011).

8.4 LER Trends at Various Locations

Table 2 contains a list of LER trends at various locations shown in Fig. 17.

9 Summary

This study shows that a consistent calibration and common retrieval algorithm ap-
plied to seven SBUV instruments over three decades is sufficient to detect long-term
changes in cloud plus aerosol reflectivity that can be differentiated from seasonal or in-
strumental differences. This is partly demonstrated by the comparison of the LER with
the Mulitvariate ENSO Index (MEI), which showed high correlation for the larger ENSO
events in 1982—1983 and 1991-1992. The estimated trends in LER are a function of
location, with little or no trend over the Pacific Ocean adjacent to the decreasing LER
trend over North America. The clear difference between adjacent land and ocean ar-
eas shows that the trends are neither instrument artifacts nor incorrect calibrations over
the 33-yr period. The 60° S to 60° N change in cosine®(Latitude) weighted LER, which
is used for approximating changes in energy reflected back to space from changes
in LER, shows a global average increase in the amount of solar energy reaching the
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surface of 2.7Wm™ and, using the energy partitioning from Trenberth et al. (2009),
an estimated increase in energy absorbed by the surface and decrease of energy re-
flected back to space of 2.3Wm™Zora 1.4 % change. This average change is unevenly
distributed as a function of latitude and longitude, with the largest decreases in LER
occurring over land in the NH and over the North Atlantic Ocean (including Green-
land). There are significant areas over India, Southern China, and Indochina where the
LER has increased (decreased insolation), a large increase on the west coast of South
America that is in the region where the Humboldt current impacts the South American
continent (Peru and Chile), and a large decrease in LER in the equatorial mid-Pacific
Ocean near 170°W to 10° E longitude. The decrease in LER is consistent with an in-
crease in surface solar radiation reaching the Earth’s surface, which was also observed
in the global surface radiation network (Wild et al., 2005; Pinker et al., 2005).
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Table 1. UV Satellite Data Sets Used for 340 nm LER.

1978-1990

1985—-2006

2004—present

2002—present

Nimbus-7/SBUV

NOAA SBUV/2 Series 9, 11, 14

oMl

NOAA-SBUV-2 series 16, 17, 18, 19

340 nm reflectivity is produced as part of standard
processing using a new Antarctic ice radiance in-
flight calibration. 14 nadir viewing orbits per day. Full
global coverage once per week. Only a few missing
days. Near noon Sun-synchronous orbit.

340 nm reflectivity is produced as part of standard
processing using a new Antarctic ice radiance in-
flight calibration. There are 14 nadir viewing orbits
per day giving full global coverage once per week
with only a few missing days. The equator crossing
times drifted during the instrument’s lifetime. A small
time of day correction has been applied.

340nm daily reflectivity is now part of standard
processing using pre-flight and in-flight calibration.
Very stable instrument. Full global coverage every
day. Reflectivity values are available for all wave-
lengths from 330 nm to 500 nm for a 13:30 Sun syn-
chronous orbit. However, there is an offset between
the UV2 (300-370nm) and VIS (350-500 nm) de-
tectors. Adding OMI to the SBUV SBUV/2 340 nm
time series does not alter the estimate of long-term
change in LER.

340 nm daily reflectivity using a new Antarctic ice ra-
diance in-flight calibration. There are 14 nadir view-
ing orbits per day giving full global coverage once
per week with only a few missing days. Near noon
Sun synchronous orbit for the first 5yr.
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Table 2. LER Trends at Locations in Fig. 17. @]
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Fig. 1. Normalized summer Antarctic snow/ice LER at 340 A1.1nm averaged between SZA
60° to 70°. Squares: LER averaged over 60° < SZA < 70°. Diamonds: LER averaged over
62° < SZA < 70°. X: LER averaged over 70° < SZA < 78° and interpolated from the first year of
data back to the range LER averaged over 60° < SZA < 70°. The average LER for each satellite
is adjusted to 96.92 RU based on the best calibrated 4 SBUV/2 instruments. The “error bars”
are a combination the standard deviation of the envelope of values and the annual deviation
from the mean.

32022

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
12, 31991-32038, 2012

A net decrease in the
Earth’s cloud plus
aerosol reflectivity

1979-2011

J. R. Herman et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 2. The 340 A1.1nm LER from AURA/OMI for 10 September 2008. The hurricane in the
Gulf of Mexico is a Category 4 Hurricane named lke. The LER (black, grey, and white, scale
lower left) is superimposed on a MODIS clear-sky color map.
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Fig. 4. Zonal mean monthly averages of LER 1979-2011 for latitudes between 60° S to 60° N
showing the seasonal patterns as a function of latitude. White is missing data.
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Fig. 5. (Upper) Thirty-three year average of the zonal average time series as a function
of latitude from the SBUV series of instruments. (Lower) Four year seasonal average of
OMI LER data (black: December—February, green: March—-May, magenta: June—August, blue:
September—November).
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Fig. 6. A comparison of the LER (black) with the scaled MEI + R g (grey) for the latitude bands
0 to 5° N (top) and 0 to 5° S (bottom). The LER is a 90-day low pass filter of the daily LER time

series.
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Fig. 9. (A) Normalized cos?(8) weighted zonal average reflectivity for 6 = 60° S to 60° N, (B)
Normalized deseasonalized LER(6,t) cosz(e) for & =60° S to 60° N. The dark solid line is a
365-day low pass filter showing the major multi-year cycles. Normalization (cosz(e)) =0.707.
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Fig. 10. Shortwave energy balance diagram based on Trenberth et al. (2009). The numbers in
black are from Trenberth. The numbers in red are from the effect of changing the cloud + aerosol
reflectivity (R) by 3.6 % from Trenberth’s implied value of 21.76 RU to 20.98 RU. The result is

an increase of 1.4 % in energy absorbed by the surface.
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Fig. 12. Percent change in solar insolation as a function of latitude normalized to sum to 100.
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32034

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 31991-32038, 2012

A net decrease in the
Earth’s cloud plus
aerosol reflectivity

1979-2011

J. R. Herman et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

O
50 L] 1 Ll 1 T T L] (7-
(@]
sl 118 < Lat < 29§ _ 42.5W < LON < ST.S_W % ACPD
(72}
“r e 12, 31991-32038, 2012
2 = 3
) or | % A net decrease in the
-l t - Earth’s cloud plus
S 20 ‘ . aerosol reflectivity
151 ' @ 1979-2011
10 %
I @, J. R. Herman et al.
5 i Slope = -0.9 +/- 0.2 RU per Decade E
0 P NI NS R EU U U R )
1975 1980 1985 1990 1995 2000 2005 2010 2015 =
Year & _é
115 < Lat < 293 B2.5W < LON < 102.5W o
South America near Chile Peru (Ocean) =7
(2}
5wl | Tebes | Figwes
St =]
et I
= U
S a5 L
o i ©
& 2t - ! !
l |  [Besc ] [Tokse
Slope = 0.8 +/- 0.1 RU per Decade o
(@]
1975 1980 1985 1990 1995 2000 2005 2010 2015 8
T
Fig. 14. LER(6,¢) and ALER(8,) for the indicated latitude x longitude boxes showing the = _
decrease in LER over land and the increase over a small region Chile and Peru. g
32035 -


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
12, 31991-32038, 2012

Jaded uoissnasig

A net decrease in the

100 - Earth’s cloud plus
99 | Greenland o aerosol reflectivity
98l § 1979-2011
z 97 3. J. R. Herman et al.
-— o
> 96| =
= o
2 9 2
i S e
93¢ - EEE EER
92 o
91+ Slope = -0.3 +/- 0.03 RU per Decade g ! !
01111||| - @
1980 1985 1990 1995 2000 2005 2010 2015 §' ! !
Year Y
s [
Fig. 15. LER(0,¢) and ALER(8,) for the indicated latitude x longitude box (71°Nto 75°Nand
37.5° W to 42.5° W) showing the decrease in LER over a portion of the Greenland ice cap away ! !
from coastal regions. - ! !
%)
o
- TR
T
QO
©
- T
32036 o


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31991/2012/acpd-12-31991-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

55

50

45

Reflectivity (RU)

15
10
1975 1980 1985 1990 1995 2000 2005 2010 2015

Fig. 16. LER(8,¢) and ALER(8,9) for the indicated latitude x longitude box showing the in-
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Fig. 17. Rectangular boxes represent interesting locations of selected sites for estimating LER
trends based on the latitude x longitude trend maps shown in Fig. 11. The map is based on the
Joint Polar Satellite System (JPSS) Visible Infrared Imaging Radiometer Suite (VIIRS).
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