Evaluating the climatic response to changes in COU» and solar luminosity
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Abstract A series of simulations was conducted using the latest version of the NCAR Comununity Climate Model
(CCMD) to investigate the equilibrium response of surface temperature and other key variables to atmospheric CO,
concentrations and varied solar luminosgity. The CCM3 is a general circulation model (GCM} of the Earth’s global
climate. Eight GOM simulations with COy concentrations of 180, 230, 355, 7106, 1600, 2000 and 3000 ppmv were run
for a minimum of thirty two seasonal cycles each, The 355 ppmyv simulation with a solar constatn of 1367 W m ™ was
designated as the control run for the present-day climate. The results showed the same basic non-linear hehavior of
temperature to COy concentrations obtained previously with a similarly designed experiment with CCMI, an earlier
version of the NCAR GCM. The magnitude of the sensitivities, however, were much lower in the new CCMJI runs than
i the older CCONT runs. An additional four GCM simulations with a C0s concentration fixed at 355 ppmv and solar
huninosity values of +5%, +2%. -2% and -3% of (the present day value of) 1367 watls per meter square have heen
completed. Results of these latter experiments yield a more linear vesponse than to the changes in C0», although

more detatled analyses are cuwrrently in progress.

1. Introduction

The prolific use of Global Climate Models {GCMsj to
study past and future clirate change [4] requires an un-
derstanding of the sensitivity of the fast response vari-
ables of the madel to external forcing. With respect to
such an atmospheric GCM, the key external forcing fac-

~torsinclude . (a) short-wave solac. luminosity. forcing, (b}, .

long wave CO, forcing, and {¢) storage of heat in the deep
ocean. Miankavitch insolation variations resulting from
variations through orhital and precession changes, affect
the model through. the duration and amount of short-wave
radiation reaching the surface in a vear. Numerous studies
of model sensitivity to COy forcing have been conducted
using different GOMs {11, 13, 12, 7]. However, fewer stud-
irs have examined the affects of the model to solar lu-
minosity changes [5, 8, 13} and fewer still to the forcing
due to the deep ocean temperature {a study based on a
statistical-dynamical model is given in [10]). The objec-
tive of this study is to examine the model sensitivity to
CQOs and solar luminosity using a recent GCM.

The praperties of the GCM are reviewed in Section 2
and the experiments are deseribed in Seciton 3. The GCM
simulation of surface temperature is evaluated in Section 4
and the sensitivity to CO4 and solar huminosity in Section
3. Spatial patrerns of temperature anomalies between the
present day simulation and the extremne values of CO4 and
solar luminosity are presented in Section 6.

2. Model description

The GUCAL ecamined in this paper, COM3, was de-
veloped at the National Center for Atmospheric Rescarch
(NCAR} as a derivative of the Community Clirnate Model

series. This spectral model has a T42 (2.8° longitude x
2.87 latitude) horizontal resolution, This resolution trans-
lates to 64 grid points in latitude and 128 grid points in
lomgitude, CCMS3 has eighteen vertical levels, the LSM
land-surface package [2] and includes the seasonal and di-
urnal cyele of radiation. The model is fully described by
16], with results and comparisons to observations given by

Bl

3. Experiment design

The eight-values of COy employed are 180 ppmv, 230 -
ppmv, 355 ppmv, 330 ppmy, 710 ppmy, 1000 ppmy, 2060
pprov and 3000 ppmev. The 355 ppmyv corresponds to the
present day concentration of GO in the atmosphere [4]
and represents the control climate in our suite of runs.
The 180 ppmy simulation ig similar to CO4 concentrations
during the Last Glacial Maximum and the 230 ppmy shin-
ulation corresponds to the Younger Dryas period. The 710
ppmy simulation is the double CO; scenario that is com-
monly analyzed in climate change scenarios and the 1000
ppmyv is close to thrice the present day values, also used
in the study of extreme events. The 530 ppv simulation,
has a GOy concentration between the present day and dou-
bled CO. values and could represent the Pliocene epoch.
The higher values of 2000 ppmv and 3000 ppmv repre-
sent possible warmer earth scenarios of the early Cenozoic
and Mesozole [11. Al CO, simulations were Tun out to at
least 32 model years with the solar constant Oxed at 1367
Wom 2 .

In order to examine the sensitivity of the model to
changes in shortwave forcing, four additional experiments
were conducted by varying the solar constant between -
3% and +5% of the present day value as listed in Table 1.
Although paleo analogs exist for a solar luminosity lower
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Table 11 Solar luminosity simulations

Experiment | Relative Absolute Length
numher Change | value Wm™ | {years)

1 -5% 1299 7

2 ~2% 1340 27

3 none 1367 39

4 +2% 1394 a7

5 +5% 1435 27

than a present day value, there are no paleo analogs for
in inerease in the solar constant.

4. Model evaluation

Figure 1 shows the twelve-month running mean of the
globalaverage surface temperatures of the COs sensitiv-
ity model runs over the final eleven model years (final
ten model years for the 230 ppmy run}. The present-day
global average temperature of the control simulation (355
ppmyv) is 287.5 K and the difference (model sensitivity}
between present-day and doubled COy (710 ppm) condi-
tions iy 2.3K. This value is consistent with the coupled
ocean-atmosphere GCMsg evaluated in the most recent In-
tergovernmental Panel of Climate Change (IPCC) report
[4]. Figure 2 shows the twelve month running mean over
the last ten vears of the control run and the four additional
solar constant sensitivity experiments.

Although a normalized comparisen of the change in

~surface temperature between the two sets of experiments..

would he the most appropriate, a general comparison of
the ranges between the selected perturbations are pre-
sented.  The twelve month running mean for the CQO.

- experiments ranged between. 285K and 296K, and for the .

solar constant runs and between 279K and 295K, The 2.3K
sensitivity with the doubling of COy can be surpassed with
a 2% increase in the solar constant (equivalent to about
27T Wn™? leading to a change of about 3K). Increasing
the solar constant by 3% yielded an 8K increase in sur-
face temperature but decreasing the solar constant by 5%
vielded a 8K decrease, possibly because of snow and sea-ice
albedo feedback processes. The global average tempera-
ture of 205K from the +3% can only be achieved with a
COy concentration of 2000 ppmv. At the other extreme,
it was not possible to set the CO, concentration in COM3
low encugh to achieve the global average semperature of
279K obrained with the -5% decrease in solar luminos-
itv.  Although the reasons for this are still onclear, we
suspect the model becomes too cold in the upper polar
atmosphere.

The GCM simulations of temperature and snow for the
months of June, July and August will be the focus for the
vest of this paper. This pericd congtitutes the northern
hemisphere summer, a time when a greater proportion of
the land surface veceives solar energy amplifying any as-
soclated feedback effects. From a paleo-climatic perspec-
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Figure 1: Twelve month running mean for CO. sirmula-
tions. (source: [7]) Numbers to the right of the lines in
the plot refer to CO4 concentrations in ppmyv.
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Figure 2: Twelve month running mean for solar constant . ...

experiments, Numbers to the right of the lines in the plot
refer to the solar luminosity values in W m™2.

tive, the temperatures during this period are a key factor
in determining whether winter snow and ice can survive
through the summer. In view of the page restrictions on
this conference paper, the control simulation of 355 ppmv
CQy with a solar constant of 1367 W m™? is examined
with only two other simulations from each of the sensitiv-
ity experiments; they are the two outer extremes of +5%
and -3% change solar constant experiments aad the 180
ppmv and 1000 ppmv €O, experiments. Tt is stressed
that the focus of this study is the sensitivity of CCM3 to
changes in CO» and solar luminosity, and not the valida-
tion of the model output.

The June, July and August {(JJA) zonal average fem-
perature profile of the experiments selected for this paper
are shown in Figure 3. All siimulations show the maximum
zonal average temperature ab 15°N and warmer zonal av-
erage temperatures over the northern hemisphere due to
the larger fraction of land mass that warms quicker rela-
tive to the ocean and the lack of sea-icé in northern polar
latitudes. The two extremes of solar luminosity experi-
ments envelope the control run and the two CO4 sensitiv-
ity experiments implying a greater influence of short-wave
forcing on surface temperature compared to the long wave
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solar constant runs: -5% solar luminosity (inner dotted
Hue): 180 ppiv CO» (inner solid line); 355 ppmy COq
(mer dashed line); 1060 ppmy COy (outer solid line);
+ 5% solur huuinosity (outer dashed line).

5, Analyses of sensitivities

Figure 4 shows the temperature response for the globe
and at 517N laticude to the aforementioned values of CO4
for the final five-year ensemble average of June, July and
Aungust. Both curves are logarithmic which is stmilar to
the lindings of [11] and [13] who used a different GCM.
The work of [7] found that sea-ice during the northern
Lhemisphere winter disappeared ondy at 3080 ppmy.
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Figure -4 Scusitivity of 114 global-average surface fem-
prrasure o mereasing concentrations of COs:(a) global
average: (h) 31N (source: {7])

On the other hand. the temperature response Lo changes
i solar lnminosity is lavgely linear {Figure 5). It should be
noted shat the three lines passing through the five points
are ot a least squares lnear vegression At but merely a
connection of the LIA global average surface temperature
points. A perfeer lhear fir was obtained through the three
paines boetween -2% and +2% changes in the solar constant
over the 2849 land points of CCM3. The slope of the
e increases bhetween -2% and -5% implying a marginally

faster cooling possibly due to the spow-ice albedo feed-
back. In addition, the slope of the line increases botween
+2% and +3% which shows the more rapid heating re-
sponse of land compared to the veean. The more rapid
warming of the land grid points may also be attributed o
the drying of soil moisture which leads to the more domi-
nant role of sensible heat and long-wave surface heating to
latent heat [9]. This is best illustrated with the warmest
curve of Figure 5 showing the sensitivity of the 1626 vorth-
ern hemisphere land grid points only during June through
August.

A less Hnear fit was obtained over the 5343 ocean grid
points (middle line of Figure 5). The reasons for this is
the abundance of moisture to saturate the atmosphere just
above the ocean surface and the resulting long-wave efects
of water vapor - a sitnation similar to the CO. curve.
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Figure 5: Sensitivity of JJA global-average surface tem-

Cperature to changes in the solar constant: all land grid. |

peints (circles); all ocean grid points (iriangles); and
notthern hermisphere land grid points (diamonds).

6. Geographic ancomalies

Figure 6 shows the difference in JJA surface temper-
ature between the 1000 ppmv simulation and the control
simulation. The high values around Antarctica, the Hud-
son Bay and the Arctic circle indicate the melting of sea-
ice., The implications of this are an increase in freshwa-
ter Hux with possible effects on the thermohaline civeula-
tion. The maximum increase in surface temperature over
the land surface occurs over the Tibetan Platean possibly
due to enhanced spow meli. The interior of continenis
in the southern hemisphere such as southern Africa and
Australia experience milder winters than the present.

Fipure 7 shows the difference in surface temperature
between the control and the 180 ppmy simulations. The
warming here is approximately half in magnitude com-
pared to the previous fgure but it is still significant be-
cause the CO, concentration increased by a factor of two
as opposed to a factor of three increase n the previous
fgure,

Due to the linear sensitivity of CCM3 to changes in
solar luminosity, the difference between the 3% increase
in solar luminosity and the control simulation (Figure 8)
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Figure 7: 1A surface temperature (control - 130 ppo).

_shows a larger ingrease in surface temperature over much
of the globe. The greatest warming occurs over the land
me s of the winter hemisphere, The 5% increase in solar
forcing is likely to melt almost all sea-ice which i evident
Jdocking at the magnitude of warming over Antarctica..

Conversely, the difference between in JJA surface tem-
peratures between the control simulation and the 5% de-
crease in solar luminosity shows larger increases (Figure 9)
compared to the previous case in polar latitudes of both
hernispheres indicating the dominance of snow and sea-ice.
This is also evident from Figure 3 where the innermaost
zonal average curve of -5% change in solar luminosity is a
greater distance away {rom the control simulation in the
southern hemisphere.

In view of the maximum increases in surface temper-
ature around the southern polar latitudes, the difference
in the amount of snow cover over Antarctica is examined.
Snow occurs when the lowest layers of the model are two
degrees below freezing and is a good proxy for examining
the combined effects of precipitation with temperature.
The anomalies between the 5% increase in solar luminos-
ity and the control run is presented in Figure 10, and the
ditference between the 3% decrease and the control run in
Figure 11, The increase in solar luminosity shows a large
melting of snow arcund the Antarctic peninsula because
of the warmer water surrounding this portion of land mass
after the melting of sea~ice. The increase in the amount
of snow cover over the interior of the Antarctic landmass

Figure 8: JJA surface temperature (3% solar constant -
control).

Figure 9: 1JA swiace temperature (contrel - -5% solar
constant).

can be attributed to the warmer atmosphere that can hold
more maoisture relative to the control climate. This is evi-
dent in the differences between the -5% solar constant and
the centrol run (Figure 11} where one finds less snow over
the Antarctic landmass.

7. Summary

In summary, the results of the experiments were simi-
lar to previous studies and showed a logarithmic response
to the long-wave COs forcing and a linear response to
the short-wave solar constant forcing., However, the mag-
nitude of the forcings differ. The reasons for the sensi-
tivity curve of CCM3 to increasing CO, being different.
from an earlier version of the model have heen discussed
by the anthovs in an earler paper [7]. They are: a non-
local boundary layer scheme; the parameterization of at-
mospheric convection; the treatment of the implied ocean
heat transports; and, the parameterization of long wave
radiation. For the solar constant experiments, a least
squares linear regression fit through the 8192 horizontal
grid points of CCM3 (oot shown) has a correlation coef-
ficient of 0.99. An identical experiment using an earlier
version of the NCAR CCOM (i.e., CCM1) [8] found a lin-
ear sensitivity of surface temperature to solar constant
changes with a correlation coefficient of 0.96 and a slope
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Fignre 10 LIA snow (+5% solar constant - control) Con-

fonrs are at every snun of water equivalent.

Fignre 11: 1A snow (-5% solar constant - control) Con-
tours are at every Zmun of water equivalent.

rwice that of COM3.

The model results to changes in these very different
forcings also have profound implications for the hydro-
logie eycle, water vaper and sea ice feedbacks, all of which
are vital for the study of past and future climates. The
snalysis of these processes are currently being conducted,
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