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might have become more transparent during

the 1990s, in line with atmospheric transmis-

sion measurements in fig. S4. During the early

1990s, the increase in atmospheric transmission

reflects the recovery from Pinatubo aerosol

loadings. In addition, air-quality regulations

and the decline of the Eastern European econ-

omy may have affected the large-scale aero-

sol concentration (25). The overall increase

in the clear-sky fluxes, again estimated as an

average over the slopes at the sites in Fig. 2B,

is 0.68 W mj2 per year, comparable to the

increase under all-sky conditions. The similar

changes under clear- and all-sky conditions

indicate that, besides clouds, changes in the

transparency of the cloud-free atmosphere also

contributed to the increase in insolation.

To summarize, our data suggest that the

widespread decline of solar radiation widely

reported for the period of about 1960 to 1990

did not continue in the following years. Rath-

er, there are indications that the amount of

sunlight at the surface has increased during

the 1990s at most of the locations for which

good records exist. This is found under all- and

clear-sky conditions, indicating that processes

in both cloud-free and cloudy atmospheres

contributed to the brightening during the 1990s,

possibly pointing to an interplay of direct and

indirect aerosol effects.

The absence of dimming since the mid-

1980s may profoundly affect surface climate.

Whereas the decline in solar energy could

have counterbalanced the increase in down-

welling longwave energy from the enhanced

greenhouse effect before the 1980s (10), this

masking of the greenhouse effect and related

impacts may no longer have been effective

thereafter, enabling the greenhouse signals to

become more evident during the 1990s.
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Do Satellites Detect Trends in
Surface Solar Radiation?

R. T. Pinker,1 B. Zhang,2 E. G. Dutton3

Long-term variations in solar radiation at Earth’s surface (S) can affect our
climate, the hydrological cycle, plant photosynthesis, and solar power. Sus-
tained decreases in S have been widely reported from about the year 1960 to
1990. Here we present an estimate of global temporal variations in S by using
the longest available satellite record. We observed an overall increase in S from
1983 to 2001 at a rate of 0.16 watts per square meter (0.10%) per year; this
change is a combination of a decrease until about 1990, followed by a sus-
tained increase. The global-scale findings are consistent with recent indepen-
dent satellite observations but differ in sign and magnitude from previously
reported ground observations. Unlike ground stations, satellites can uniformly
sample the entire globe.

The concept of Bglobal dimming[ (1–3),

which refers to long-term measured decreases

in the amount of solar radiation that reaches

Earth_s surface (S), has received prominent

attention because of concerns about its pos-

sible climatic and environmental implications.

An early report on this topic based on surface

observations made primarily in Europe (4)

suggested that S declined by more than 10%

from 1960 to 1990. On the basis of the anal-

ysis of a more comprehensive observational

database, it was shown that over land, S de-

creased on the average by 0.23% (1) and

0.32% (2) per year from 1958 to 1992. The

largest decrease was in parts of the former

Soviet Union (5), where S decreased by about

20% between 1960 and 1987. Independent

indirect evidence for plausible decreases in S

has been found in pan evaporation records

(6, 7), which show that the rate of evapora-

tion did not increase but rather decreased, in

spite of global warming trends evident in

records of surface temperatures. When the

evaporation data were compared with the

global dimming records, the respective tend-

encies matched, which suggests that these

two processes might be linked. Two other

studies (8, 9) found that S in the Swiss Alps

increased between 1995 and 2003 after

decreasing from 1981 to 1995 (8).

Speculations about possible causes of

global dimming include cloud changes, in-

creasing amounts of human-made aerosols,

and reduced atmospheric transparency after

explosive volcanic eruptions. (Data indicating

global dimming could also be produced by

instrument deficiencies.) Particles of soot and

sulfates absorb and reflect sunlight and facili-

tate the formation of larger and longer-lasting

clouds. The Indian Ocean Experiment (10) has

clearly documented the large, short-term re-

duction in solar radiation reaching the surface

caused by absorbing aerosols, particularly

black carbon and dust. Regionally, the sea-

sonally averaged reduction in the Indian Ocean

can reach 10 to 30 W m–2. However, there is

some evidence that the reported longer-term

1Department of Meteorology, University of Maryland,
College Park, MD 20742, USA. 2Global Modeling and
Assimilation Office, NASA Goddard Space Flight
Center, Greenbelt, MD 20771, USA. 3National Oce-
anic and Atmospheric Administration, Climate
Monitoring and Diagnostics Laboratory (NOAA/
CMDL), Code R/CMDL1, 325 Broadway, Boulder, CO
80305, USA.
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tendencies might not continue, because of

the reduction in the levels of air pollution.

For example, global dimming over Germany

seems to be decreasing, possibly because of

a reduction of pollutants (11).

Although the potential climatic effects of a

sustained decrease or increase in surface solar

radiation require extensive investigation of

additional factors, such as the long-wave radia-

tive effects of any associated cloud variations,

possible effects on photosynthesis are more

direct but will differ by location. In equatorial

regions that are sufficiently illuminated, photo-

synthesis is likely to be limited by carbon dioxide

or water, not by radiation. It has been reported

(12, 13) that in some cases, photosynthesis could

increase slightly with a decrease in solar ra-

diation, because the proportion of diffuse light

will increase; diffuse light is absorbed less than

the direct beam in the external layers of vege-

tation, and therefore the diffuse light penetrates

deeper into the canopy, reaching a larger frac-

tion of the biomass. At high latitudes, plant

growth is light-limited, and a decrease in solar

radiation can affect net primary productivity.

In this study, the longest available record

of satellite-based estimates of surface solar

radiation was used to learn about tendencies in

this parameter at spatial scales that otherwise

would not be possible. The derived fluxes are

based on methodologies that have been crit-

ically evaluated and that currently serve as a

benchmark for deriving surface short-wave

radiative fluxes. Specifically, the International

Satellite Cloud Climatology Project (ISCCP)

(14, 15) data have been used to derive surface

radiative fluxes for about 20 years. An ex-

tensive effort was undertaken to address the

calibration issue of the various satellite

sensors used (16, 17), and it is believed that

at present, the best attainable calibration tech-

niques were applied. The homogeneity of the

satellite observations was achieved by nor-

malizing all of the geostationary satellites used

to the polar orbiting satellites, which enjoy a

long history of calibration know-how. Spe-

cifically, the Satellite Calibration Center

(Centre de Meteorologie Spatiale, Lannion,

France) receives special high-resolution

imaging data from the Satellite Processing

Centers that provide data for ISCCP. These

data are used to normalize the calibrations

of the geostationary satellites to the polar

orbiter, which is taken as the standard, and

the resulting coefficients are sent to the pro-

cessing center or the ISCCP data center

(http://isccp.giss.nasa.gov/).

The estimated surface-downward solar

radiative fluxes were derived with the Univer-

sity of Maryland version of the Global Energy

and Water Cycle Experiment (GEWEX) Sur-

face Radiation Budget algorithm (18), and the

ISCCP D1 satellite data at a spatial resolution

of 2.5- was used as input. The monthly mean

fluxes were obtained by averaging the daily

mean values that were obtained by integration

of three hourly instantaneous fluxes. The

model allows the computing of upward fluxes

at the surface and net solar fluxes at the top of

the atmosphere by using satellites observa-

tions of clear and cloudy radiances, cloud

cover fraction, and independent information

on the total amount of water vapor, ozone,

and snow cover.

Extensive evaluation of the satellite-estimated

monthly mean downward fluxes at the surface

against ground measurements has been per-

formed (19, 20). Monthly averaged, hemi-

spheric, broadband, solar-surface measurements

from the World Radiation Data Center, the

Global Energy Budget Archive, and the

Canadian Network were used. These mea-

surements provide a continuous, long, time

series that is clustered in regions with similar

climatological surface types (such as Europe,

southeast Africa, East Africa, and south Aus-

tralia) that are used in the evaluation. The range

of the root mean square (RMS) errors at a

spatial resolution of 2.5- was found to be

between 11.7 and 31.5 W m–2 (19); the best

results were found over Europe, Australia,

eastern Canada, and western Canada (known

for good quality of ground data); the worst

were found over central Africa and Pakistan/

India. In an updated evaluation at 1- resolu-

tion based on ISCCP DX data (20, 21), the

range of the RMS errors was reduced to about

7.5 to 27.0 W m–2 (excluding African stations).

On the basis of results of evaluation against

Surface Radiation (SURFRAD) (22) ground

observations at a spatial resolution of 0.5- over

the United States, it was found that the average

RMS error on a monthly time scale was about

20 W m–2 (23).

Two independent approaches were used

to determine tendencies of the data: linear

and second-order fits. The confidence levels

of the derived tendencies were calculated

according to the Student_s t-test distribution

with n – 2 degrees of freedom

t 0 rxy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n j 2

1 j r2
xy

s

Here r
xy

is the correlation coefficient be-

tween the original time series and the linear

and second-order fitted time series (24), and n

is the number of observations.

Figure 1 presents linear and second-order

least-squares fits to the original satellite-

derived time series of surface solar irradiance

(1983 to 2001) after removal of the mean

annual cycle. On a global scale, the linear

slope (solid line) in the surface solar radiation

is positive at 0.16 W m–2 year–1. The second-

order polynomial (broken line) indicates a

small decrease during the time period from

1983 to 1992, with a reversal around 1992.

Both the linear and the second-order fits are

significant at a 99% level of confidence.

Results from similar analyses are presented

in Fig. 2, which were computed from the fol-

lowing: satellite-based observations over the

Arctic (60- to 90-N) (Fig. 2A); satellite-based

observations over a local point in the Arctic

(Barrow, Alaska) (Fig. 2B); and ground

observations at Barrow, Alaska (Fig. 2C). To

be consistent with the analysis for American

Samoa (Fig. 3), adjacent satellite grid points

were averaged over the ground location for

Fig. 2B. The ground observations are from the

National Oceanic and Atmospheric Adminis-

tration, Climate Monitoring and Diagnostics

Laboratory (NOAA/CMDL) (25) and are con-

sidered to be the highest quality available for

long-term ground observations. Analysis of

the satellite-based observations shows a small

decrease in solar radiation over the 60- to

90-N Arctic region from 1983 to 2001. The

linear slopes for all three cases in Fig. 2 are

slightly negative. However, the second-order

fits show a decrease in solar radiation from

1983 to about 1992 to 1993 that is followed

by a reversal in tendency. This is the first time

that consistency in long-term temporal var-

iations between satellite observations and

ground observations has been documented.

These results also indicate that the radiative

conditions at the Barrow site behave similarly

to those over the latitudinal belt of 60- to

90-N. The results are consistent with inde-

pendent findings that report warming in the

Arctic from 1982 to 1999 and an increase in

Fig. 1. Linear and second-
order least-squares fits
to the original satellite-
derived time series of S
(from 1983 to 2001)
averaged over the globe,
after removal of the
mean annual cycle. The
linear slope (solid line) of
the surface solar radia-
tion is positive at 0.16 W
mj2 year–1. The second-
order polynomial (dashed
line) indicates a small
decrease from 1983 to
1992, with a reversal around 1992. Both the linear and the 2nd-order fits are significant at the
99% level of confidence.
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cloudiness during the spring and summer (26),

when most of the radiation in this region is

received. Correlations between the actual

ground observations at Barrow with the satel-

lite estimates were computed and found to be

0.97 (fig. S1). A similar experiment has been

performed at American Samoa, a site where

high-quality observations are available (25) and

which represents oceanic conditions (Fig. 3).

Observed tendencies from satellite estimates of

the surface solar fluxes are shown (Fig. 3A),

and Fig. 3B represents the same, using the

CMDL ground observations. Because local

cloud effects caused by land/water boundaries

affect the observations at the Samoa site, the

satellite estimates were averaged over grid cells

adjacent to the one centered over the ground

site. Here, the linear slopes are positive and the

second-order fit indicates a decrease in radiation

from 1983 to about 1992 to 1993 that is

followed by an increase thereafter. Correlations

between the actual ground observations at this

site with the satellite estimates were also

computed and found to be 0.86 (fig. S1). We

investigated the tendencies of the surface solar

radiation in the tropical belt of 20-S to 20-N
(Fig. 4A) and at the top of the atmosphere

(ToA) (Fig. 4B). It was found that at the sur-

face, there is a positive linear increase of about

0.18 W m–2 year–1, which indicates an in-

crease in the surface radiation. At the ToA, the

situation is reversed and the decease is about

–0.17 W m–2 year–1. The tendencies from

the second-order fit are similar to the linear

ones. A decreasing tendency is also reported

at the ToA_s reflected solar radiation (27),

which is observed by a combined data set based

on observations from the Clouds and the Earth_s
Radiant Energy System (CERES) (28) and from

the Earth Radiation Budget Satellite (ERBE)

(29). It is claimed that the observed changes in

radiation budget are caused by changes in the

mean tropical cloudiness, which is detected in

the satellite observations but fails to be pre-

dicted by several current climate models.

The studies that reported dimming were con-

ducted over land; therefore, a separate analysis

of tendencies over the land and oceans was

performed (Fig. 5). A land mask as described in

(30) was used. We considered sea ice–covered

oceans as ocean. The tendencies over land

global domain from 90-S to 90-N have been

found to be slightly negative at about –0.05 W

m–2 year–1, and over the oceans, the tendency

was positive at 0.24 W m–2 year–1. For the
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Fig. 2. Linear and second-order least-squares fits over (A) the Arctic 60- to 90-N, (B) over Barrow
Alaska from satellites, and (C) at Barrow from ground observations.
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Fig. 3. Linear and second-order least-squares fits over (A) American Samoa from satellites and (B) at American Samoa from ground observations.
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land case, the trend is not statistically signif-

icant; however, for the ocean, it is significant

with a confidence level of 99%. Because long-

term ground observations are available mostly

from land sites, it is possible that land-based

observations are not representative of Earth as

a whole, and therefore brightening at a global

scale is possible. For the land-alone case, al-

though the overall slope is negative, there is a

small increase after 1993.

About 20 years (from 1983 to 2001) of S

fluxes at Earth_s surface that were derived

from satellite observations were analyzed. (The

annual mean surface solar radiation in W/m2

from 1983 to 2001, as distributed over the globe

at 2.5- spatial resolution estimated from the

ISCCP D1 data, is illustrated in fig. S2.) The

analysis was conducted at a global scale as

well as over regions of special climatic sig-

nificance. Our findings at the global scale as

well as those in the tropical belt and in the

Arctic are consistent with the findings of in-

dependent satellite studies (26–28). For exam-

ple, a global-scale decrease in cloudiness (31)

based on ISCCP D1 data was found, which is

consistent with an increase in surface solar

radiation found in this study, because clouds

are the major modulators of the solar radi-

ation that reaches the surface. Warming in

the Arctic from1982 to 1999 and an increase

in cloudiness during the spring and summer

(26) is reported, which is also consistent with

our findings in this region. Moreover, since the

mid-1960s, the melt date in northern Alaska

has advanced by 8 days (32) as a result of a

decrease in snowfall in winter, followed by a

warmer spring, which are believed to be caused

by variations in regional circulation patterns. A

significant variation in photosynthetic activity

and growing season length at latitudes above

35-N from 1982 to 1999 was also reported,

which is indicated by the Normalized Differ-

ence Vegetation Index (NDVI) derived from the

Advanced Very-High Resolution Radiometer

(AVHHR) onboard the polar-orbiting NOAA

meteorological satellites (33). Two distinct pe-

riods of increasing plant growth are apparent:

1982 to 1991 and 1992 to 1999, which are sep-

arated by a reduction from 1991 to 1992 that

is associated with the volcanic eruption of Mt.

Pinatubo in June 1991. The average May to

September NDVI from 45- to 75-N increased

by 9% from 1982 to 1991, decreased by 5%

from 1991 to 1992, and increased by 8% from

1992 to 1999. In an independent study based

on the AVHRR data for the period from 1982

to 2000. it was found that in the Northern

Hemisphere, the area with an increasing trend

of the annual sum of NDVI was approximately

12 times larger than the area with a decreasing

trend. Although these areas are located over a

large range of geographical regions, they in-

clude Siberia, northeastern Europe, and the

northern part of North America (34). At high

latitudes, plant growth is light-limited, and

therefore a decrease in solar radiation would

not be conducive to an increase in the veg-

etation index. On the basis of on observa-

tions made from CERES (28) and a 16-year

record from the ERBS mission (29), a decrease

in reflected short-wave flux at the ToA (27)

was found. This could result in an increase in

S (assuming no variations in the solar output

or in atmospheric absorption).

On the basis of earthshine measurements

(35) of Earth_s reflectance carried out at the

Big Bear Solar Observatory since 1998 and

satellite observations of global cloud prop-

erties for earlier years, a proxy measure of

Earth_s global short-wave reflectance was

constructed. A steady decrease in Earth_s re-

flectance from 1984 to 2000 was shown, with

a strong drop during the 1990s. During 2001

to 2003, only earthshine data are available,

and they indicate a reversal of the decline. It

should be noted that the earthshine measure-

ments are available for only a short time pe-

riod, and the extension to a longer period is

achieved by using ISCCP data.

We report here on an attempt to use long-

term satellite observations as obtained under

the World Climate Research Programme

GEWEX ISCCP initiative to study possible

trends in the S. Averaged over the entire pe-

riod of available record and at a global scale,

a small increase in S was observed rather than
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Fig. 4. Linear and second-order least-squares fits over (A) the tropical belt of 20-S to 20-N at the surface and (B) at ToA.
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a dimming. This increase has been found to

be significant at the 99% level of confidence.

The satellite-based record of surface solar

fluxes from 1983 until 1992 does suggest

some dimming, followed by an increase after

1992, as seen in numerous ground observa-

tions. It was also shown that tendencies over

land and over ocean can differ in sign and

magnitude, and that in order to obtain a glob-

al view of the dimming phenomena, there is a

need for comprehensive and global observa-

tions that are possible only from satellites.

There is a need to be aware of calibration is-

sues regarding both ground-based and satel-

lite data that might affect the interpretation of

long-term observations. The best available ap-

proach to calibration was used to produce

the satellite observations used in this study,

and the most comprehensive global coverage

achievable by combining geostationary and

polar-orbiting satellites was used. The magni-

tudes of the observed tendencies in S at a

global scale were much smaller in magnitude

than those reported from ground observations.
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The Holocene Asian Monsoon:
Links to Solar Changes and

North Atlantic Climate
Yongjin Wang,1 Hai Cheng,1,2* R. Lawrence Edwards,2 Yaoqi He,1

Xinggong Kong,1 Zhisheng An,3 Jiangying Wu,1 Megan J. Kelly,2

Carolyn A. Dykoski,2 Xiangdong Li4

A 5-year-resolution absolute-dated oxygen isotope record from Dongge Cave,
southern China, provides a continuous history of the Asian monsoon over the
past 9000 years. Although the record broadly follows summer insolation, it is
punctuated by eight weak monsoon events lasting È1 to 5 centuries. One
correlates with the ‘‘8200-year’’ event, another with the collapse of the
Chinese Neolithic culture, and most with North Atlantic ice-rafting events.
Cross-correlation of the decadal- to centennial-scale monsoon record with
the atmospheric carbon-14 record shows that some, but not all, of the
monsoon variability at these frequencies results from changes in solar output.

The impacts of decadal- to centennial-scale

solar variability on the climate system during

the Holocene have been reported from mid to

high northern latitudes (1–3) to low-latitude

regimes (4–6), including the Asian monsoon

(AM) (4, 5). To test the degree to which the

Holocene AM may be linked to solar varia-

bility, a high-resolution, precisely dated, con-

tinuous record of the monsoon is needed. Such

a record could also be used to test the degree

to which changes in the interglacial AM are

related to climate change elsewhere. For exam-

ple, a number of studies have demonstrated

close ties between the glacial AM and the cli-

mate in the North Atlantic region (7–9). The de-

gree to which such links extend into interglacial

periods is an open question. We have previously

reported on a Chinese Holocene record of the

AM that addresses some of these issues (10).

Here, we build on that work with a higher reso-

lution absolute-dated Holocene AM record from

Dongge Cave, southern China, which we com-

pare in detail with the atmospheric 14C record

(as a proxy for solar output) and climate records

from the North Atlantic region (2, 11–13).

Stalagmite DA was collected from Dongge

Cave (25-17¶N, 108-5¶E, elevation 680 m) in

southern China. Today, the cave site has two

distinct seasons: a cool, dry season during the

boreal winter when the Siberian high establish-

es a strong anticyclone on the Tibetan Plateau

and a warm, wet season during the summer

months when the intertropical convergence zone

(ITCZ) shifts northward and monsoonal convec-

tive rainfall reaches its maximum. Our previous

studies have shown that shifts in the oxygen

isotope ratio (d18O) of the stalagmite from the

cave largely reflect changes in d18O values of

meteoric precipitation at the site, which in turn

relate to changes in the amount of precipitation

and thus characterize the AM strength (10, 14).

Chronology of the 962.5-mm-long stalag-

mite DA is established by 45 230Th dates (table

S1), all in stratigraphic order, with a typical age

uncertainty of 50 years. Sample DA grew con-

tinuously from approximately 9000 years before

the present (ky B.P., where the Bpresent[ is de-

fined as the year 1950 A.D.) until 2002 (when

the stalagmite was collected), with a nearly

constant growth rate of È100 mm per year. A

total of 2124 d18O measurements were obtained
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