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Why This Talk?

Mathematics Awareness Month
How long will the summer Arctic sea ice pack survive?
Are hurricanes and other severe weather events getting
stronger?
How much will sea level rise as ice sheets melt?
How do human activities affect climate change?
How is global climate monitored?

Discuss what I do.

Discuss what YOU have done.

http://www.mathaware.org/index.html
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2 Modeling forest carbon uptake

3 Recent results from the literature
High-latitude ecosystems
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Sea-ice predictions
The evolution of climate models



CO2: a modern problem
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CO2: a modern problem
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Changes in global temperature
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Changes in global temperature
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Changes in global temperature
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Changes in global temperature
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Modeling global temperature

IPCC 4th Assessment Report (2007)



Yearly Sea Ice Extent

http://nsidc.org/arcticseaicenews/



Yearly Sea Ice Extent

Arctic Sea Ice from NASA:

September sea-ice extent:

http://nsidc.org/arcticseaicenews/


seaIceMovie.mpg
Media File (video/mpeg)

http://www.nasa.gov/centers/goddard/news/topstory/2005/arcticice_decline_prt.htm
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Modern CO2 measurement record



Climate change and CO2

http://www.cmdl.noaa.gov/ccgg



Forest carbon uptake

2CO

Photosynthesis Respiration

How much carbon enters the ecosystem?

Where does it go?

How quickly does it leave?



Niwot Ridge, Colorado

Subalpine forest

Subalpine fir (A. lasiocarpa)
Engelmann spruce (P. engelmannii)
Lodgepole pine (P. contorta)

3050 m (10,000 ft) elevation

Mean annual precipitation: 800 mm

Mean annual temperature is 1.5 ◦C.



NEE seasonal variability

January 2003 diurnal average
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July 2003 diurnal average

Time of day (h)

N
E

E
 (

g 
C

 m
−2

 h
al

f h
ou

r
−1

)

0 5 10 15 20
−0.2

−0.1

0

0.1

0.2
November 2003 diurnal average

Time of day (h)

N
E

E
 (

g 
C

 m
−2

 h
al

f h
ou

r
−1

)

0 5 10 15 20
−0.2

−0.1

0

0.1

0.2



NEE long term variability
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Ecosystem model (structure)

Coarse root carbonFine root carbon Soil carbon

Plant leaf carbon

Photosynthesis

Litter/turnover

Allocation

Respiration

Plant wood carbon

Photosynthesis

Roots model

Atmosphere

Soil

Zobitz et al. (2008), Ecosystems

YOOP



Results: Whole-ecosystem partitioning
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Results: Whole-ecosystem partitioning
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Global measurement network

www.fluxnet.ornl.gov
As of January 2009: 500 sites = 2600 site years of data
Some sites provide 15 years of continuous data.
≈ 40 million half-hourly measurements of biosphere-atmosphere
carbon exchange
All data are FREE and publicly available.

www.fluxnet.ornl.gov


Global NPP

Global NPP

http://dge.stanford.edu/DGE/CIWDGE/research/models/animated_npp.html
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High latitude ecosystems



High latitude ecosystems



High latitude greening

Courtesy of Liming Zhou www.nasa.gov

CO2 is life

www.nasa.gov
http://tinyurl.com/pkzoe 


Carbon uptake in high latitude ecosystems

CUP = Carbon Uptake Period = summer length

Cooler autumn = carbon uptake period increases
Piao et al. (2008), Nature



Changes in surface temperature
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Changes in surface temperature
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Changes in surface temperature
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Changes in surface temperature

means, sm 5 15 uC (kW m22)21) and a mean lag of 56 days (sm 5 11
days); in comparison, the more rapidly adjusting land has a mean gain
of 74 uC (kW m22)21 (sm 5 23 uC (kW m22)21) and a mean lag of 29
days (sm 5 6 days).

Superimposed on the dominant land–ocean contrast is an east–
west gradient in G and l. As we move from west to east (following the
prevailing winds) across the mid-latitude continents, there is a tend-
ency towards a more rapid response (large Gland, small lland). This
cross-continent gradient in Gland is quite strong, whereas the gradient
in lland is relatively weak (lland adjusts rapidly to interior values along
the western continental margin1,2). Conversely, as we move from west
to east across the mid-latitude ocean basins, there is a tendency
towards a more sluggish response (small Gocean, large locean), and
the relative strengths of the Gocean and locean gradients is reversed
relative to that of the land (Gocean adjusts rapidly to interior values
along the western margin of ocean basins).

The role of land–sea contrast in setting the climatological distri-
bution of the annual cycle is not a new observation17,20–22, but its
dominance is particularly obvious when considering the relationship
between G and l. Pairs of G and l fall along an arc (Fig. 2a). We define
a ‘seasonal response index’ to represent a point’s position in this lag–
gain space as

SRI~
G{ min (G)

max (G){ min (G)
{

l{ min (l)

max (l){ min (l)

and find that 75% of the variance in this index is explained by the
distance between a grid point and the coast to its west, where distance
is taken as positive for land and negative for ocean (see
Supplementary Information for more discussion on the structure
of variability). The relationship between SRI and distance from the
coast holds best in Eurasia, where southern mountains constrain the
transport to be zonal and isolate the interior from tropical moisture.
Deviations from this general east–west pattern are found in regions
where transport is less zonal, such as the southeastern North
American monsoonal region, where there is strong poleward mois-
ture transport onto land, and in the western United States, where the
north–south alignment of the Rocky Mountains effectively blocks
oceanic influence from the Pacific Ocean.

The observed arc in the relationship between G and l is a ubiqui-
tous feature of seasonally driven models that contain interacting land
and ocean regions, and can be understood as the natural consequence
of interacting sinusoids. Consider two sine waves with different
phases and amplitudes, S1 5 Asin(w) and S2 5 (A/r)sin(w 1Dw). A
weighted average of the two sine waves, wS1 1 (1 2 w)S2, with
0 , w , 1, yields a sine wave with amplitude

Aw~
A

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2r2z2rw(1{w) cosDwz(1{w)2

q

and phase

ww~wz cos{1 A

Aw

w{
1

r
(1{w) cosDw

� �� �

A mixing line using this equation (Fig. 2a) is consistent with the general
form of the observed arc. Apparently, the spatial structure associated
with the seasonal cycle can be understood, to first order, as the result of
variable mixing between continental and marine influence.

Variability in G (Fig. 1d) tends to be largest where the climato-
logical G is large (coefficient of correlation, R 5 0.83), and is about
twice as large over land (mean of point-wise standard deviations,
�ss 5 5.2 uC (kW m22)21) as it is over the ocean (�ss 5 2.5 uC
(kW m22)21). Conversely, temporal variability in l (Fig. 1c) is cor-
related with G21 (R 5 0.62) and is larger over the ocean (�ss 5 5.0
days) than it is over land (�ss 5 4.0 days). The inverse relationship
and larger locean variability arises because finite perturbations more
readily alter the phase of a smaller amplitude sinusoid (see the
Supplementary Information discussion on natural variability). We
thus expect that it will be more difficult to detect the presence of any
true phase trend over the ocean.

Trends in the phase and gain of the annual cycle

The 1954–2007 lland trends (Fig. 1e) are predominantly towards
earlier seasons, with a mean decrease of 1.7 days (that is, 6%) over
the past 54 years. The locean trends are large but regionally disparate.
For example, the interior of the North Pacific, and the Atlantic north
of 50uN, exhibit trends towards later seasons, whereas along the
eastern edge of the North Pacific, and in the North Atlantic south
of 50uN, trends are primarily towards earlier seasons. The mean
locean shift is towards later seasons by 1.0 days over the past 54 years.

A comparison of trend maps (Fig. 1e, f) and variability maps
(Fig. 1c, d) reveals that the trends are large where the detrended
variability is large. This suggests the obvious null hypothesis that
the trends are merely a manifestation of natural variability. One test
for whether the trends observed in the recent record are consistent
with natural variability is to compare them with trends observed in
earlier periods. We consider the distribution of point-wise trends
(Fig. 2b) for the 1900–1953 and 1954–2007 intervals using those
records which have good temporal coverage during both intervals
(see Methods; this is the default distribution of records that we use
below, unless specifically stated otherwise). Land and ocean are con-
sidered separately because the characters of their annual cycles are so
different.
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Lag trend (days per 54 years) Gain trend (ºC (kW m–2)–1 per 54 years)

Lag standard deviation (days)
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Figure 1 | Lag and gain fields. a, c, e, Phase lag, l; b, d, f, amplitude gain, G.
We plot long-term-mean value (a, b), temporal standard deviation of the
detrended time series (c, d); and trend in days per 54 years (e) and
uC (kW m22)21 per 54 years (f). Both variability and trend maps are plotted
on the ‘dense network’ (1954–2007), without land and ocean masks applied.
Results have been excluded in the tropics, where data availability is poor, and
where less than 85% of the variance in an average year is explained by the
yearly component.
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Temperature range is damped
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Seasons are happening earlier
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Sea ice decline: faster than modeled

the 20th and 21st centuries. The 20th century integrations
specify forcings based on observed records and offline
chemical transport models. Different centers use different
external forcings over the 20th century. They all include
changing greenhouse gas concentrations, but may also
include variations in solar input, volcanic forcing and ozone
concentrations. To compare model hindcasts with projec-
tions through the 21st century, we employ runs with
21st century forcings based on the SRES A1B ‘‘business
as usual’’ scenario, where CO2 is projected to reach 720 ppm
by 2100 (compared to approximately 370 ppm in 2000).
[9] Of the 18 models examined for the Arctic and 15 for

the Antarctic, we focus on those with mean ice extent within
20% of observations (from 1953–1995 for the Arctic, and
1973–1995 for the Antarctic). This screening resulted in 13
and 18 models for the September and March Arctic com-
parisons, respectively. For Antarctica, 12 models were used
for September and only 5 for March. Some models have
more than one ensemble member which are used to generate
the ensemble mean for that particular model. A multi-model
ensemble mean and its inter-model standard deviation are
computed. We also summarize Arctic September trends for
three time periods, and the range between different ensem-
ble members. All trends are reported as % per decade.

3. Comparisons for the Arctic

[10] Figure 1 shows September sea ice extent (� 106 km2)
from observations and the screened IPCC AR4 models
while Table 1 summarizes trends. The observed trend from
1953–2006 is �7.8 ± 0.6 %/decade, three times larger than
the multi-model mean trend of �2.5 ± 0.2%/decade. More
striking is that none of the models or their individual
ensemble members have trends as large as observed for
this period. The largest negative trend from any individual

model run is �5.4 ± 0.4 %/decade (an ensemble member
from NCAR CCSM3).
[11] For the shorter, yet more reliable period of observa-

tions based on modern satellite records (1979–2006), both
the observed (�9.1 ± 1.5%/decade) and multi-model mean
trend (�4.3 ± 0.3%/decade) are larger, but there is again a
strong mismatch, and trends from only 5 of 29 individual
ensemble runs (from only two models: NCAR CCSM3,
UKMO HadGEM1) are comparable to observations. Over
the last 11 years (1995–2006), observed and multi-model
mean trends are even larger at �17.9 ± 5.9 %/decade and
�6.6 ± 0.6 %/decade, respectively, and only 6 individual
ensemble members (from NCAR CCSM3, GISS AOM3,
and MIUB ECHO) are within 20% of the observed trend.
[12] March trends are not as dramatic (Figure 2), but the

modeled values are again smaller. Over 1953–2006, the
multi-model mean of �0.6 ± 0.1%/decade is one third of
the observed value of �1.8 ± 0.1%/decade and only two
simulations (CCCMA GCM3, UKMO HadGEM1) have
trends within 20% of observations. Over the satellite era,
the observed trend grows to �2.9 ± 0.3%/decade, over
twice the model mean value of �1.2 ± 0.2%/decade. Trends
from 5 out of 18 models are within 20% of observations,
and some show increasing ice extent.
[13] To summarize, there is qualitative agreement

between observations and models regarding an overall
decline in September ice extent. This points to an imprint
of GHG loading [Zhang and Walsh, 2006]. Since both
observed and modeled September trends have become
larger in more recent years, it appears that GHG imprints
are growing. Simulations run with pre-industrial GHG
concentrations do not produce the magnitude of September
trends just discussed.
[14] As expected, observed and modeled March trends

are much smaller. In the early stages of a GHG-driven

Figure 1. Arctic September sea ice extent (� 106 km2) from observations (thick red line) and 13 IPCC AR4 climate
models, together with the multi-model ensemble mean (solid black line) and standard deviation (dotted black line). Models
with more than one ensemble member are indicated with an asterisk. Inset shows 9-year running means.

L09501 STROEVE ET AL.: ARCTIC ICE LOSS—FASTER THAN FORECAST L09501
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Stroeve et al. (2007)



Future climate changes

Climate models predict both
warming and change in global
patterns of precipitation.

How will climate change affect
the world locally and globally?

winter

Precipitation changes 2090−2099, relative to 1980−1999

summer

IPCC 4th Assessment Report (2007)



Climate models are becoming more realistic

IPCC 4th Assessment Report (2007)



Climate models are becoming more realistic

IPCC 4th Assessment Report (2007)





Summary



Summary

Math is an essential partner in understanding climate.

Quantitative literacy is important to interpret climate
results.
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