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Our findings also have implications for pre-
cise dating of early events in the history of the
solar system. The Pb-Pb age equation (Eq. 1)
has been used for decades to calculate the abso-
lute ages of both meteoritic and terrestrial ma-
terials (24). This equation assumes that 238U/235U
is invariant at any given time, and that the present-
day value is 137.88.

206Pb*
206Pb*

¼
235Uel235t − 1
238Uel238t − 1

¼ 1

137:88

el235t − 1

el238t − 1
ð1Þ

Here, l is the decay constant for the specific
isotope and t is the age. Any deviation from this
assumed 238U/235U would cause miscalculation
in the determined Pb-Pb age of a sample. A
difference of up to 3.5 per mil (‰) implies that a
correction of up to –5 My would be required if
the Pb-Pb ages of these CAIs were obtained
using the previously assumed 238U/235U value
(Fig. 4).

Because 238U/235U variations in solar system
materials are not restricted to CAIs, this require-
ment may extend to high-precision Pb-Pb dating
of other materials as well. It is possible, how-
ever, that the 238U/235U values of bulk chondrites
are controlled to a substantial degree by CAIs,
which may be heterogeneously distributed at the
scale at which these analyses were made.

The Pb-Pb dating technique is the only ab-
solute dating technique able to resolve age dif-
ferences of <1 My in materials formed in the
early solar system. Whereas the full range of
238U/235U ratios reported here would result in an
overestimation of the ages of these CAIs by up
to 5 My, the largest excesses (>3.5‰) in 235U
occur in the group II CAIs that appear to have

experienced the largest Cm/U fractionation.
For non–group II CAIs, the age overestimation
is ≤1 My. The apparent discrepancies between
absolute Pb-Pb ages and relative (for example,
26Al-26Mg, 53Mn-53Cr, and 182Hf-182W) ages
(2, 4, 25, 26) may therefore place limits on the
uncertainty of the age of the solar system.
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Contribution of Semi-Arid Forests
to the Climate System
Eyal Rotenberg and Dan Yakir*

Forests both take up CO2 and enhance absorption of solar radiation, with contrasting effects
on global temperature. Based on a 9-year study in the forests’ dry timberline, we show that
substantial carbon sequestration (cooling effect) is maintained in the large dry transition zone
(precipitation from 200 to 600 millimeters) by shifts in peak photosynthetic activities from summer
to early spring, and this is counteracted by longwave radiation (L) suppression (warming effect),
doubling the forestation shortwave (S) albedo effect. Several decades of carbon accumulation
are required to balance the twofold S + L effect. Desertification over the past several decades,
however, contributed negative forcing at Earth’s surface equivalent to ~20% of the global
anthropogenic CO2 effect over the same period, moderating warming trends.

The need to generate measurement-based
estimates of biosphere-atmosphere carbon
and energy exchange on land (1, 2) led to

global observational efforts to measure the car-
bon, water, and radiation fluxes at the canopy
scale (www.fluxnet.ornl.gov). Obtaining primary
data from semi-arid regions is important prin-
cipally because of their size [2.4 billion ha or
~17.7% of total land surface area (3)] coupled
with their low clouds–high solar radiation con-
ditions: 18 to 21 and 10 to 13 MJ m−2 day−1 in

semi-arid and temperate regions, respectively (4).
These regions have potentially large impacts on
local climate (5–7) and the global radiation bud-
get and represent climatic conditions predicted
for large areas of currently wetter regions (8).
We used the concept of “radiative forcing” as a
metric for comparing changes in surface energy
balance with carbon uptake and storage asso-
ciated with semi-arid forestation.

We used a field research site with continuous
flux measurements of CO2, water vapor, and en-
ergy established in 2000 in a 2800-ha pine forest
(Yatir) in southern Israel, using methodology es-
tablished in the Euroflux network (9). The forest
represents a low-stature (10 m), low-density [leaf
area index (LAI) ~ 1.3] woody vegetation eco-
system at the dry timberline (285 mm mean pre-
cipitation). The forest maintains relatively high
productivity, with a mean annual net ecosys-
tem CO2 exchange (NEE) of 2.3 ton C ha−1 for
the study period (10), compared with ~2.0 ton C
ha−1 in European pine forests and a Fluxnet
mean of ~2.5 ton C ha−1 (Table 1). This reflects
moderate mean annual gross primary pro-
ductivity (GPP) coupled with low mean annual
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carbon loss in respiration (Re), resulting in a
high NEE/GPP ratio (Table 1).

The indicators of high carbon use efficiency
are associated with a range of eco-physiological
adjustments (11), as well as potential increase in
fire hazard (12). The most fundamental adjust-
ment is the “homeostatic-like” stability in am-
bient conditions during time of peak activity
reported in Fig. 1. Moving from the northern
(Finland) to the southern (Israel) pine forest
sites, time of peak GPP shifts from July and
August to mid-March, narrowing down sub-
stantially the climatic gradient, such as in air
temperature from 17.4°C (annual mean) to
4.6°C (time of peak GPP, when mean temper-
ature is 17.0° T 1.5°C, excluding one outlier
maritime site), or in incoming global irradiance
(Eg, from 150 W m−2 annual mean to 67 W m−2

for time of peak GPP). For a first approxima-
tion, the change in day of year of peak GPP
(DOYGPP) is best described by the gradient in
annual mean Eg: DOYGPP = –0.71(Eg) + 263.1
(R2 = 0.87), or 7 days advance for each increase
of 10 W m−2 in annual mean global radiation.
The trend depicted in Fig. 1 is for European pine
forests, reflecting plasticity within a single vege-
tation type rather than changes in species com-
position along geographical and climatic gradients
(13). This homeostatic-like ecosystem-scale be-
havior also provides an alternative perspective to
the proposed leaf-level “homeostatic” temperature
reconstructed from oxygen isotopic records in
plant matter (14).

The adjustments in timing and productivity
noted above provide a contrasting and more op-
timistic long-term view of forest productivity
and carbon uptake than those based on episodic
droughts in temperate climates. For example,
signature drought years like 2003 in Europe (15)
indicated massive losses of carbon from forest
ecosystems, but the results here indicate that long-
term management of forestation can result in pro-
ductive forests that can sustain seasonal drought
permanently (10).

In addition to carbon, we must consider the
direct effects of vegetation cover on the surface
radiation balance (2, 16, 17), where the semi-
arid forest also indicates large effects. From a
global prospective, the characteristics of energy
fluxes over a semi-arid forest such as Yatir are
unique (Fig. 2). The incoming solar radiation
approaches that of the Sahara, but owing to an
albedo as low as in other forests the net radia-
tion (Rn) is higher than that in any of the other
eco-regions (35% greater than in the Sahara). The
high net radiation coupled with the dry environ-
ment (small latent heat flux; Fig. 2 inset) results
in a sensible heat flux, H, larger than that of any
of the other eco-regions (30% larger than the
Sahara and 1.6 and 2.4 times greater than trop-
ical and temperate forests, respectively). Two
important implications are, first, that the albedo
change associated with forestation in the low-
cloud high-radiation environment results in a large
increase in surface radiation load. We observed

(18) a 0.1 change (decrease) in mean albedo
(da) above the forest compared with that above
the sparse background shrubland [compare with
(19–21)]. Combined with the high global radia-
tion, this da yields a large increase in annual
shortwave radiation load of dS = +23.8 W m−2.
Second, we report that this relatively large
shortwave albedo effect (16, 17, 22) is essen-
tially doubled by a longwave radiation effect.

With suppressed latent heat flux (LE) be-
cause of lack of water, the forest is transformed
into an effective “convector” that exploits the low
tree density and open canopy and, consequently,
high canopy-atmosphere aerodynamic coupling.
Indeed, low aerodynamic resistance (ra) was
estimated [~16 s m−1 annual mean midday value
(23)] supporting the massive H (Fig. 2 inset).
This is associated with a large increase in sur-
face roughness in going from shrubland to
forest, resulting in changes in buoyancy and
increasing efficiency of heat convection, with
potential implications on local circulation.

The effective convector effect of the canopy-
atmosphere coupling resulted in annual mean
cooling of the canopy surface temperature of
about 5°C, compared with that of the back-

ground shrubland (and as much as a 30°C cool-
ing in summer midday). This was associated
with high Bowen ratio (b = H/LE), which was
on average 5.2 (>10 in summer). In contrast, in
temperate and tropical forests the albedo-related
increased radiation load is typically compensated
for by evapotranspiration, reducing temperature
differences between forest and nonforest surfaces
and maintaining b around 1.

Longwave radiation is of great importance in
the semi-arid system (20, 24). And a conse-
quence of the surface cooling in the forested
area is a suppression of the upwelling longwave
radiation flux, L. In fact, the annual mean long-
wave radiation suppression that we observed
(18) in our forest-shrubland comparison is dL ~
25 W m−2 (up to 100 W m−2 in summer midday)
and is equivalent in magnitude to the shortwave
albedo effect (~23.8 W m−2; Table 2). Therefore,
in dry vegetation ecosystems the increase in sur-
face radiation load is twice as large when both
the shortwave, albedo, and the longwave radia-
tion effects are considered (balanced by heat
transfer to the overlaying boundary layer).

The surface energy characteristics in the semi-
arid regions have at least two important global

Fig. 1. Annual patterns in (A) GPP,
monthly means based on 0.5-hour
values from Carboeurope database
(36) and normalized as GPP/GPPmax,
and (B) air temperature (monthly
mean) in 4 representative Europe-
an pine forest sites (out of the 12
Carboeurope pine forest sites exam-
ined; other sites omitted for clarity
but are within same range). Vertical
lines indicate the air temperature at
time of peak activity. Sites are Yatir,
Israel (blue); El Salar, Spain (gray);
Brasschaat, Belgium (purple); and
Hyytiala, Finland (orange).

Table 1. Indicators of carbon use efficiency in pine forests: GPP, Re, and NEE of carbon for the 12
European pine forest sites [62 data years (36)], for the entire global Fluxnet network (43), and for
semi-arid forest [Yatir (44)].

Pine forest GPP Re NEE NEE/GPP
European (Carboeurope) 1142 944 200 0.17
Global (FluxNet) 1540 1280 260 0.17
Semi-arid (Yatir) 820 600 220 0.27
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implications when considering the large land sur-
face areas involved. First, the success of affor-
estation and the associated carbon sequestration
potential must also be linked to the consequences
in surface energy balance. Secondly, the results
provide a basis for a first approximation of the
impact of the large-scale desertification process
that took place in the semi-arid region over the
past several decades.

We used the observed albedo-derived short-
wave radiative forcing (RF) of the forest, dS =
+23.8, together with the calculated RF associated
with carbon sequestration, using (17) and (25)
and the observed semi-arid forest productivity
[~2.3 ton C ha−1 annually (10) and ~100 ton C
ha−1 over the past 40 years (26)] to estimate the
time required to achieve balance between the two
RF values (27). The RF values in this context
should be interpreted with caution (28) and are
used here as a convenient way to compare the

magnitude of biogeophysical and biogeochemical
forcing (24). The estimated time required to reach
this balance in the semi-arid environment is ~40
years. Such calculation traditionally considers only
the shortwave radiation effect. Explicitly introduc-
ing the observed longwave radiation suppression
effect in this calculation doubles the time needed
to achieve the RF balance, considering that dS
and dL are similar (23.8 and 25 W m−2).

Such estimates indicate that a net negative
(cooling) RF is reached only after ~80 years of
forestation, but we note that the data used here
provide a “worst-case scenario” by considering
results from the dry timberline and ignoring the
possibly greater climate sensitivity to CO2 re-
moval than to land surface changes (28). Obtain-
ing the full range of RF-C sequestration tipping
points across the climate transition zone is im-
portant, will likely indicate much shorter mean
time to reach a net cooling effect, and should

also consider that afforestation of only ~12% of
dry, carbon-neutral areas (3, 29) can produce a
carbon sink of ~1 Pg C year−1 for a minimum 50
years of forest growth. This is equivalent to one
“wedge” to address potential anthropogenically
derived climate change (30).

Lastly, we address the implications of our re-
sults for long-term desertification trends in the
semi-arid region. From the atmospheric and sur-
face radiation perspective, the Yatir forest provides
a generic representation of vegetation of similar
LAI in the semi-arid region [2.1 T 1.6 and 1.3 T
0.9 for shrubland and deserts (31)]. Such vegeta-
tion types underwent large-scale desertification
over the past several decades, estimated at ~5.8
Mha year−1 (3, 32). We estimated that the total
organic carbon released from a fully degraded
land surface is ~2.2 kg C m−2 (3, 29, 33) and that
the degradation period (DP) for the release of
carbon to the atmosphere is about 50 years. We
consider the albedo effect, however, to peak in
about half that time (~25 years) because it is as-
sociated only with live vegetation, whereas carbon
degradation in litter and soil organic matter is
not. Using the approach of (17) for the short-
wave radiation (S) albedo effect but expanded
to explicitly include the thermal radiation (L)
suppression discussed above, we estimated the
potential RF of the transition from vegetation
cover with LAI of ~1.3 to near zero under semi-
arid conditions as:

RFSþL( y) ¼ A( y)(da ⋅ Eg þ dL)/AE ð1Þ

where A(y) is the annually degraded area ac-
cumulated to year y (calculated as a time series
with full degradation in 25 years), da = 0.1, Eg =
240 W m−2, dL = 25 (Table 2), and AE is Earth
surface area (5.1 × 1014 m2). This estimate indi-
cates a negative (cooling) radiative forcing at
the surface over a 35-year degradation process
(say, 1970–2005 when data quoted above apply)
of –0.145 W m−2 (–0.075 plus –0.070 W m−2

associated with S and L, respectively).
The radiative forcing resulting from the CO2

released from biomass degradation associated
with desertification can be estimated according
to (25):

RFCO2 ( y) ¼ h ⋅ Ln 1þ C( y)

C0

� �
ð2Þ

where h is the CO2 radiative forcing efficiency
(5.35 W m−2); C0 is a reference CO2 con-
centration (360 ppm); CðyÞ ¼ AðyÞCk=z sums
the total CO2 emitted over y years [35 years of
desertification in this case (3)]; A(y) is as above
with degradation period of 50 years, acknowl-
edging the delay in degradation effects between
surface radiation and CO2 release; C is the total
degradable carbon per unit land area (see above);
k converts kg of C to ppmv [2.13 × 1012 kg C
per part per million by volume (ppmv–1)]; and z
is the airborne fraction [0.5 (34)]. The results in-
dicate that the releases of CO2 to the atmosphere

Table 2. Annual mean values (6 years) of radiation fluxes, albedo, and surface (skin) temperature in the
semi-arid forest (Yatir) and in the shrubland background.

Variable Forest Shrubland

Global radiation (Eg, W m−2) 238 238
Albedo (unit-less) 0.11 0.21
Net solar radiation (Sn, W m−2) 212 188
Net longwave radiation (Ln, W m−2) –96 –121
Net radiation (Rn = Sn + Ln, W m−2) 115 67
Skin temperature (°C) 19 24*

*(27)

Fig. 2. Annual means of energy flux components in forests (except Sahara) in globally representative
regions: (A) iEg, (B) Rn, (C) H, and (D) surface albedo, a. Values for tropical forests include Africa and
South America; temperate forests are represented by forests around latitude 45°N in North America and
Europe; semi-arid forests are represented by Yatir (mean for the study period); the Sahara represents hot
deserts. Error bars indicate the range in literature-reported values. Albedo values for tropical forests, the
Sahara, and temperate forests are from (37–41). Values for Eg are from (4), and for Rn and H from (42).
(Inset) The mean seasonal cycle in energy fluxes in the semi-arid Yatir forest during the study period.
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during the above desertification period had ra-
diative forcing of +0.006 W m−2, a factor of 24
smaller and in the opposite direction than the
combined radiative effects [compare with (28)].

On the basis of our estimates, the total de-
sertification in the semi-arid regions had a
combined RF of about –0.14 W m−2. This coun-
teracts the equivalent of ~20% of the global
RF associated with the 44-ppmv increase in
atmospheric CO2 over the same period [(35)
e.g., (0.145–0.006)/0.62; see Eqs. 1 and 2], mod-
erating the potential warming trend. This mod-
erating effect adds to that assigned to the low
CO2 airborne fraction resulting from ocean and
land carbon sinks (34). These are clearly first
approximations, but the large effects and the
large area involved with generally stable high-
radiation low-cloud conditions make these esti-
mates relatively robust and demonstrate again the
importance of research in the semi-arid regions.
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Modeled Impact of Anthropogenic
Warming on the Frequency of Intense
Atlantic Hurricanes
Morris A. Bender,1* Thomas R. Knutson,1 Robert E. Tuleya,2 Joseph J. Sirutis,1
Gabriel A. Vecchi,1 Stephen T. Garner,1 Isaac M. Held1

Several recent models suggest that the frequency of Atlantic tropical cyclones could decrease as the
climate warms. However, these models are unable to reproduce storms of category 3 or higher intensity.
We explored the influence of future global warming on Atlantic hurricanes with a downscaling strategy
by using an operational hurricane-prediction model that produces a realistic distribution of intense
hurricane activity for present-day conditions. The model projects nearly a doubling of the frequency
of category 4 and 5 storms by the end of the 21st century, despite a decrease in the overall frequency of
tropical cyclones, when the downscaling is based on the ensemble mean of 18 global climate-change
projections. The largest increase is projected to occur in the Western Atlantic, north of 20°N.

Rising sea-surface temperatures (SSTs)
and a possible increase in Atlantic basin
hurricane activity since 1950 have raised

concern that human-caused climate change may

be increasing Atlantic hurricane activity. In-
creasing amounts of greenhouse gases are a
likely factor in the recent warming of tropical
Atlantic SSTs (1–3), although internal variability

(4) and reduced aerosol or dust forcing (5, 6) may
have also contributed. Some statistical analyses
suggest a link betweenwarmer Atlantic SSTs and
increased hurricane activity (6–8), although other
studies contend that the spatial structure of the
SST change may be a more important control on
tropical cyclone frequency and intensity (9–11).
A few studies (6, 8, 12) suggest that greenhouse
warming has already produced a substantial rise
in Atlantic tropical cyclone activity, but others
question that conclusion (9, 11, 13).

Dynamical models that can reproduce certain
aspects of the observed frequency, structure, and
intensity of hurricanes bring an important perspec-
tive to these questions (9, 10, 14–16). A recent
modeling study (16) at the National Oceanic and
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