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CONSTRAINING CLIMATE MODEL PARAMETERS
FROM OBSERVED 20TH CENTURY CHANGES

Chris E. ForestPeter H. Stone, and Andrei P. Sokolov

Abstract

We present revised probability density functions for ctenamodel parameters (effective
climate sensitivity, the rate of deep-ocean heat uptake tlaa strength of the net aerosol forc-
ing) that are based on climate change observations from @tle @entury. First, we compare
observed changes in surface, upper-air, and deep-oceape&ture changes against simu-
lations of 20th century climate in which the climate modelapaeters were systematically
varied. The estimated 90% range of climate sensitivity i80%. K. The net aerosol forcing
strength for the 1980s has 90% bounds of -0.70 to -0.27Wiihe rate of deep-ocean heat
uptake corresponds to an effective diffusivifg, , with a 90% range of 0.04 to 4.1 &#s.
Second, we estimate the effective climate sensitivity atedaf deep-ocean heat uptake for
11 of the IPCC AR4 AOGCMs. By comparing against the acceptedanbinations inferred
by the observations, we conclude that the rate of deep-obeahuptake for the majority of
AOGCMs lie above the observationally based median valués iiplies a bias in the pre-
dictions inferred from the IPCC models alone. This bias carséen in the range of transient
climate response from the AOGCMs as compared to that froralibervational constraints.
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1 INTRODUCTION

The recognition that anthropogenic activity is causingbglovarming (Houghtoret al., 2001;
Solomoret al,, 2007) has emphasized the importance of developing climatkels with predictive
capability. In recent decades considerable effort has begated to evaluating state-of-the-art
climate models from this point of view. A good summary of twsrk is given in Chapter 8 of the
latest IPCC report (Randadt al, 2007). Much of the work has focused on evaluating the models
ability to simulate the annual mean state, the seasonag,cgad the inter-annual variability of
the climate system, since good data is available for evalyithese aspects of the climate system.
However good simulations of these aspects do not guarange®d prediction. For example,
Stainforthet al. (2005) have shown that many different combinations of uagemodel sub-grid
scale parameters can lead to good simulations of global swed#ace temperature, but do not lead
to a robust result for the model’s climate sensitivity.

A different test of a climate model’s capabilities that cawser to actually testing its predic-
tive capability on the century time scale is to compare itssation of changes in the 20th century
with observed changes. A particularly common test has be@ompare observed changes in
global mean surface temperature with model simulationsguestimates of the changes in the
20th century forcings. The comparison often looks good, thiglhas led to statements such as:
"...the global temperature trend over the past centurgan.be modelled with high skill when both
human and natural factors that influence climate are indu(f®andallet al., 2007). However the
great uncertainties that affect the simulated trend (elgnate sensitivity, rate of heat uptake by
the deep-ocean, and aerosol forcing strength) make thghdytdubious statement. For example, a
model with a relatively high climate sensitivity can simgléhe 20th century climate changes rea-
sonably well if it also has a strong aerosol cooling and/omtmich ocean heat uptake. Depending
on the forcing scenario in the future, such models would gdlyegive very different projections
from one that had all those factors correct.

There have in recent years been a number of studies usingpsieeved 20th century tempera-
ture to calculate probability density functions (PDFs) thoe above mentioned uncertain parame-
ters (Andronova & Schlesinger, 2001; Foresal., 2002, 2006; Knuttet al,, 2003). A meaningful
test of a model’s capabilities can be provided by comparnoperties of different state-of-the-art
models with their values, as implied by 20th century changesestet al. (2006) have presented
such a comparison for the models used in the IPCC TAR but mohése models used in the IPCC
ARA4. Here, we present an update of the Foegstl. (2006) results, in which we use the 20th cen-
tury observations to constrain the effective climate destyi rather than the equilibrium climate
sensitivity, while simultaneously constraining the océaat uptake and aerosol forcing; and we
also now analyze 11 of the IPCC 4AR models for which the nescgstata is available. Recent
improvements made in the climate model have caused the raedfeictive and equilibrium sen-
sitivities to differ significantly from each other when thentate sensitivity is large. The effective
sensitivity is obviously more relevant for describing 26émtury changes. Section 2 describes the
version of the MIT climate model used in the present studgtiBe 3 describes the method for
constraining climate model parameters, Section 4 givesahdts, and Section 5 summarizes and



discusses the results.

2 MIT 2D CLIMATE MODEL

The model used in this study is the climate component of th& Mtegrated Global System
Model, Version 2 (Sokoloet al., 2005). This model is an updated version of the model desdrib
in Sokolov & Stone (1998). Here we give a brief summary of thadled and of the changes made
since Foreset al. (2006)

The model consists of a zonally averaged atmospheric modgled to a mixed layer Q-flux
ocean model, with heat anomalies diffused below the mixgdrlaThe atmospheric model is
derived from the Goddard Institute for Space Studies (GI8&)el 1l general circulation model
(GCM) (Hanseret al, 1983) and uses parameterizations of the eddy transportsoofentum,
heat and moisture by baroclinic eddies (Stone & Yao, 1988019 The model uses the GISS
radiative transfer code which contains all radiatively ortant trace gases as well as aerosols. The
surface area of each latitude band is divided into fractiminleind, ocean, land-ice and sea-ice,
with the surface fluxes computed separately for each sutfgeee The version used here has 4
degree latitudinal resolution and 11 layers in the vertiddle zonal averaging and the relatively
low meridional and vertical resolution are necessary toerthk model computationally efficient
enough so that we can carry out simulations totalling huhglcé thousands of years, as required
by our methodology (see next section). The ocean mixed lmgatel and the thermodynamic
sea-ice model have 4 degree by 5 degree latitude-longiasbdution and are described by Hansen
et al.(1984).

The climate sensitivity of the MIT model can be varied by ajiag the strength of the cloud
feedback (Sokolov, 2006), differences in which have beawshto be the main reason for the
differences in model climate sensitivity between diffara®@GCMs (e.g., Cesst al., 1990; Col-
man, 2003). The rate of mixing thermal heat anomalies in¢odiep ocean is controlled by the
global mean value of the vertical diffusivity coefficient fimixing anomalies K, ). Sokolov &
Stone (1998) and Sokola@t al. (2003) have shown that the large-scale response of a givgrienb
atmosphere-ocean GCM (AOGCM) to forcings typical of thehz&xid 21st century can be dupli-
cated by the MIT 2D model with an appropriate choice of thesepgarameters for any scenario.
This ability to mimic the AOGCMs is what allows us to use theTMEID model to explore how
consistent different AOGCMs are with observed 20th centemyperature changes.

The method for changing cloud feedback in the model has bdesmmyed from the method used
previously. In the earlier versions of the model the cloudecat all levels was changed by a fixed
fraction, which depended on the changes in global meanctéanperature (Sokolov & Stone,
1998). In the present version high cloud covers and low cloaxkrs are changed in opposite
directions by a constant factor, which is again dependerdhamges in the global mean surface
temperature. The new method is described by Sokolov (200%),shows that this method is in
better agreement with changes simulated by AOGCMs, andraddehange the 2D model’s ability
to mimic global scale temperature changes simulated by AR&C
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Figure 1. Global-mean surface air temperature in simulations by D" climate model with
(blue) and without (green) the CLM land-surface model forirmstantaneous doubling of CO2
concentration. The response by an energy balance modeh\dtB meter deep ocean mixed-layer
is shown by thin black line.

The most significant change that has been made in the cureesiom of the MIT 2D climate
model is the replacement of the old GISS land surface schgnteebCommunity Land Model
(CLM2.1) described by Bonaet al. (2002). (See Schlosset al. (2007) for the description of
the coupling to the 2D model.) This improved the simulatidrewaporation and removed the
tendency of the land model to be too hot in summer, due to skeesvaporation in spring causing
the land to dry out. This was also a problem in the parent GCMvéver the slower response of
the land evaporation to warming in the new model signifigaaliered the transient response of
the IGSM to an external forcingzigure 1 shows changes in surface air temperature in simulations
with an instantaneous doubling of CO2 concentration. Wdiporation from land is too small to
directly affect the global surface energy budget in a sigaift way, a small rate of land evaporation
response to surface warming leads to a delay in the incréagenospheric water vapor. This, in
turn, causes slower warming by reducing the incoming lonmgwadiation at the surface.

The differences in the response to an external forcing betlee two versions of the 2D model
result in different relations between equilibriurs,.{ ) and effective §.;; ) climate sensitivities.



Effective vs. Equilibrium Climate Sensitivity
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Figure 2: Comparison of effective and equilibrium climate sendi&s for the MIT 2D climate
model with (blue diamonds) and without (red triangles) theMdand-surface model. The three
values for each equilibrium sensitivity correspondifp equal to 0.25, 2.25, and 6.25 éfs. The
red and blue lines are the averages of these three valuesldtieline indicates where the two
sensitivities are equal.

Effective sensitivity is defined aS.;; = fiff where F;,. is the forcing due to CO2 doubling
and ).y is the climate feedback parameter estimated at the time & @fbling in a scenario

where CO2 increases by 1% per year (Murphy, 1995). In effexstower increase of evaporation
when the climate warms delays the onset of the positive watgor feedback in the simulation
with the new model, and reduces; relative toS., . In the earlier versions of the model the
two sensitivities were essentially equal. Since the 20thwg changes are transient, it is clearly
preferable to use them to constraiyy; rather thans,, . Figure 2 shows the relationship between
Serr andS,, in the new model. The two sensitivities are virtually equal $., < 3 degrees but

Sers Is considerably less thaty, for large values of., .



3 METHODS

3.1 Estimation of probability distributions

The methodology for quantifying uncertainty in climatetgys properties follows the basic method
in Forestet al. (2001, 2002, 2006) with the modifications required to usectimate model. This
can be summarized as consisting of two parts: simulatiotiseo20th century climate record and
the comparison of the simulations with observations usipiinal fingerprint diagnostics. First,
we require a large sample of simulated records of climatagéa which climate parameters have
been systematically varied. Second, we employ a methodopaang model data to observations
that appropriately filters “noise” from the pattern of clitm&@hange. The variant of optimal finger-
printing proposed by Allen & Tett (1999) provides this tooldayields detection diagnostics that
are objective estimates of model-data goodness-of-fithéruse of the temperature change diag-
nostics and the estimation of the posterior probabilityritigtion, the methodology is identical
to that in Foreset al. (2006). The three temperature change diagnostics that evares (i) the
decadal mean surface temperature changes over 4 equdaituede bands for the period 1946-
1995 referenced to the 1905-1995 climatology; (ii) thedramthe global mean ocean temperature
(down to 3 km depth) during 1948-1995; and (iii) the latittltgaght pattern of the zonal mean
upper air temperature difference between the 1961-198088&6-1995 periods. The likelihood
functions based on each diagnostic are combined using Balgesrem.

The description of the climate model experiments, the ebs=aesign, and the algorithm for
estimating the joint PDFs are in Foregtal. (2001, 2002, 2006). There are two major differences
from Forestet al. (2006) that were required when using the new model. Firsind-use change
data set for the twentieth century was not included in thesalations because none was available
in the new model's format. However, the contribution of tfoscing to the total 20th century
forcing is very small (Solomoat al,, 2007). Thus, the set of applied climate forcings was reduce
to: greenhouse gas concentrations, sulfate aerosol lggdiopospheric and stratospheric ozone
concentrations, solar irradiance changes, and stratos@erosols from volcanic eruptions. We
refer to this set of forcings as GSOSV. (Details on theserigscare in the auxiliary material in
Forestet al. (2006).)

The second change was required to accommodate the chamgesdpailibrium to effective
climate sensitivity. Becaus€.;; has an upper bound at about 8 K in the new climate model, we
truncate the distribution at 8 K rather than 10 K as was donsumprevious studies. Thus, for
the uniform prior cases, the cumulative probability abowe\sill differ from the results in Forest
et al.(2006). In the case where an expert prior is usedfgf , the prior has near zero probability
above 8 K and the results are basically unaffected.

When conducting 20th century simulations, we use diffevahies of the strength of the cloud
feedback which changes bah;; andS,, . While S, is a more appropriate measure of transient
climate response, results from our previous studies wersepited in terms of,, because, first,
Seq and Sq;; were virtually the same for older versions of the model artbsd, there is a one
to one correspondence betwegr and the strength of the cloud feedback. For the new model,



Table 1: Values of S, and K, for AOGCMs used in the IPCC AR4 (top) and TAR (bottom).

Index | Model K, Seyy
1| CGCM3.1(T47) 29 34
2 | ECHO-G 1.3 28
3 | GFDL-CM2.0 4. 2.2
4 | GFDL-CM2.1 4. 2.2
5 | INM-CM3.0 0.7 20
6 | MIROC3.2(medres) | 4.0 4.8
7 | GISS-EH 1.7 22
8 | CCSM3 34 22
9 | GISS-ER 31 22

10 | HadCM3 1.9 3.6
11 | PCM 21 1.9
12 | HadCM2 3.0 28
13 | ECHAM3 16 24
14 | MRI (old) 75 3.2
15 | CSM 3.8 1.9

Sers is very different fromS,, (for high values), so results of the present study are pteden
terms ofS.;; . The value ofS.;; for a given strength of cloud feedback depends slightly@n
On figures below, we use values §f;; averaged ovek, .

3.2 Matching procedure for AOGCMs.

As discussed earlier, the large-scale response of the Mideiris controlled by the parameters,
Serr (Or Seq ) and K, . This flexibility provides the ability to match the largease response of
AOGCMs by choosing appropriate combinations of these twarmpaters. Fits for the models
were obtained based on the data for surface air temper&Ail @nd thermosteric sea level rise
from the simulations with 1% per year increase in CO2 coneéioh. Unfortunately the required
data are available for only nine (9) AR4 models as part of thNBR3 dataset (Meeldt al,, 2007).
Fits for the HadCM3 and five TAR models are based on the refats CMIP2 simulations.

In Figure 3, the values ofS,;; required to match models’ responses are compared with value
of S.r; published for the corresponding models. Effective sensés for the AR4 models were
estimated from the data on “top of the atmosphere fluxes” tt@varchived CMIP3 dataset (Meehl
et al, 2007) using values of the adjusted radiative forcing du€@® doubling €5x) given in
Table 8S.1 from the IPCC ARA4. Values §f;; for CMIP2 models were taken from the literature.
It should be noted that for some modéisy is not available and in these cases, a forcing of 3.71
Wm~? was usedTable 1 gives the 2D model’s values &, and K, that match the performance
of the listed models.
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Table 2: Fractiles for marginal PDFs with and without expert prior on Sy .

0.05 0.50 0.95 | Mean | Mode
Expert Prior | S;;y |20 28 50 |29 2.4
K,|004 078 41 |097 |0.49
Foer | -0.27 -0.50 -0.70 | -0.50 | -0.55
Uniform Prior | Sesy | 21 40 7.4 |41 3.0
K,|012 17 61 |17 2.2
Foer | -0.32 -0.58 -0.77 | -0.56 | -0.65

Heat uptake in the oceans is sometimes measured by a couptel’'srheat uptake efficiency,
E, (Gregory & Mitchell, 1997). We have compared our measifg, with £ estimated for the
nine coupled AOGCMs using the CMIP3 datasets. They areletedt with a correlation of 0.837.

4 RESULTS

4.1 Posterior distributionsusing the new model, IGSM2

The one-dimensional marginal distributions from the aoirr@nalysis Figure 4) and the Forest
et al. (2006) estimates (their Figure 2) are very similar and iatiche model responses are nearly
identical. The fractiles fof.;; , K, , and F,., are inTable 2. The aerosol forcing remains well
constrained. The distribution for climate sensitivity lvthe expert prior, as before, has a well-
defined mode at 2.8 K while the upper tail remains significdhe expert prior on climate sensi-
tivity remains an important feature of the results with auettbn in the likelihood above 4.5 from
42 to 8 percent in the new results. As befdig,is well constrained by the three diagnostics with
the surface temperature providing a strong constraint erugiper bound. The two-dimensional
marginal distributions are shown Kigure 5 for the S+/K, parameter space. The positions of the
climate models’ heat uptake generally remain significatglyhe right of the median and mode
for the distribution. Given that the mode is an estimate efrtiost likely value, the AR4 models
appear to have a positive bias in their ocean heat uptakeuglh we have not been able to obtain
the data necessary to calibrate 10 of the AR4 models.

We can also explore the possible bias in the AR4 models’ ptiedis from our distributions.
We show the distributions for TCR and SLR (respectively,nges in SAT and thermosteric
sealevel rise averaged over years 61-80 in simulations Iithper year increases in CO2 con-
centration) as estimated from our new distribution and atsestimated for the AOGCMSEigure
6). Taking the means of the PDFs and the AOGCM distributioresfind that the AOGCMs ap-
pear biased low for TCR. There is also a high bias in the AOG@MSLR, but this is partly
compensated by their low warming bias.
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remaining two parameters and renormalizing. The whisketsphdicate boundaries for the per-
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The mean is indicated with the diamond and the mode is the ipethle distribution. The values
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capacity of the ocean. Eleven AOGCMs used in the IPCC AR4rtéptack diamonds) and four
used only in the IPCC TAR (from Sokolat al. (2003)) (green squares) represent the models with
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4.2 Robustness of the ocean heat-uptake results

Since there is a significant discrepancy between the AOGGMuulations of ocean heat uptake
and the uptake we estimate from observations, we have @ptbe sensitivity of our posterior
distribution for K, to various diagnostics. First we showHigure 7 how our 1D marginal dis-
tributions change when we remove information associatéd the three different diagnostics. In
particular, we compare our standard results based on athghdstics with what happens if: (i)
we leave out the upper-air diagnostic, (ii) we leave out tbepdocean temperature change diag-
nostic, and (iii) we replace the surface temperature chamggnostic using 4 latitude bands, z4,
by one using only hemispheric averages, z2, but still retgithe decadal time series. In the last
case we retain the contrast in hemispheric temperaturageeithat reflects the aerosol forcing
being larger in the Northern Hemisphere, but remove therpaigplification component in the
z4 diagnostic. In all cases we see that the PDFsSfer and F,., are not much affected and we
conclude that these PDFs are relatively robust. Howevdrarcase of thé(, distribution we see
that removing any of the diagnostics weakens the conswaiif, , with the removal of the deep-
ocean temperature diagnostic showing the most effect. imless the mode fak, is relatively
robust, and indeed it is smallest when the deep-ocean tatoperdiagnostic is removed. Thus all
the diagnostics contribute to the discrepancy betweenstimate of the deep-ocean heat uptake
and the uptake simulated by the AOGCMSs, although the discr@pis most significant when the
deep-ocean temperature diagnostic is included.

Second, we looked at how sensitive our estimate of the ocestruptake is to newly discovered
errors in the observed ocean temperature trend which weriaken into account in our results
given above. In our standard analysis we used the oceandrehelrrror estimates given by Levitus
et al. (2005). It has recently come to light that the XBT data thaythsed in their analysis con-
tained systematic errors (Gouretski & Koltermann, 200Te Gouretski and Koltermann analysis
indicates that the Levitus et al. trend should be reduced/Byg, 3vhile a more recent analysis re-
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ported at the AGU meeting in December, 2007, indicates mlshioe reduced by 24% (J. Antonov,
personal communication). We repeated our analysis wittrémel reduced by 37% and a (larger)
error estimate taken from Gouretski and Koltermann. Thalte$not shown) had the mode for
K, reduced to a value consistent with that when the ocean dstign@as removed (Figure 7)
and the distribution was somewhat broadened, but not as asialnen the ocean diagnostic was
removed. Thus the discrepancy in the models’ heat uptakainsm

Finally we note two recent studies based on the Leetud. (2005) analysis of the ocean heat
uptake that also indicate that AOGCMs are overestimatieg2@th century heat uptake. Pierce
et al. (2006) compared 20th century simulations of the heat uptakey the PCM and HadCM3
models with the Levitugt al. (2005) results using the observational data mask. TheurEig
11 shows that both models are overestimating the ocean p&aday particularly below the mixed
layer. Andrews & Allen (2007) compared the performance efAliR4 AOGCMs with 20th century
changes in surface temperature and ocean heat uptake antkhat the AOGCMs were generally
overestimating the effective heat capacity of the climattesn, which is of course equivalent to
mixing heat into the ocean too efficiently.

5 DISCUSSION AND CONCLUSIONS

We present two new results in this paper. First, we have astintheS.;; and K, values that
correspond to eleven (11) of the AR4 AGOCMs models. Thiseseto characterize the “ensem-
ble of opportunity” (EOP) in terms of both equilibrium andmsient responses. Together, these
two properties provide a good metric for comparing the behaxf different AOGCMS with one
another and with respect to the distributions for these gnttgs as estimated from climate change
observations. Second, we present the updated probabsityodition for the three climate system
propertiesf = {S.rs, Ky, Fuer }, With S, replaced byS.;; . These distributions are similar to
those from Forestt al. (2006), because the forcings are almost identical (no lessedehange in
the present case) and the climate change diagnostics vestical.

From the positions of the AOGCMs within this distributiongwan estimate the AOGCMs’
projections under specific forcing scenarios. As noted byyr(@.g., Prinnet al, 1999), the
total uncertainty in the climate change projections is a lwoation of the uncertainties in both
the forcings and the climate system response. By consgi¢hie AOGCM positions within the
context of thep(0|AT, Cy) distributions, one can infer the range of uncertainty in ¢himate
system response that is represented by their projectianghdfmore, we can track the change in
the uncertainty implied by the projections in the variou€@reports. As shown in Figure 5, the
projections from both the TAR and AR4 indicate a significdniftsn the climate model response
as estimated by the AOGCMs and their means, medians, andsaAtihough the complete set of
models is not available, we still find a clear indication tthet AOGCMSs, as a whole, overestimate
the rate of deep-ocean heat uptake as implied by the obgersatVe quantify this by considering
the distributions of TCR and SLR (Figure 6) obtained by usngatin Hypercube sample from
the posterior distribution with an expert prior 8, . The range of both TCR and SLR implied
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by the AR4 AOGCMs is narrower than that based on observdtamestraints, while the latter is
still narrower than the IPCC AR4’s official projections. Weasee that the AR4 results appear
biased low for temperature change while biased high foreea tise. This is expected given the
positions of the AOGCMs in the joint distribution 6, - K, .
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