1=

LAWRENCE
LIVERMORE
NATIONAL
LABORATORY

UCRL-TR-202550

An Appraisal of Coupled
Climate Model Simulations

K. AchutaRao, C. Covey, C. Doutriaux, M. Fiorino,
P. Gleckler, T. Phillips, K. Sperber, K. Taylor

Edited by D. Bader

August 16, 2004



This document was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor the University of California nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or the University of
California, and shall not be used for advertising or product endorsement purposes.

This work was performed under the auspices of the U.S. Department of Energy by University of California, Lawrence
Livermore National Laboratory under Contract W-7405-Eng-48.



Contents

1 INtrodUCHION....ueiiiieiiiieicnsnicssnncssnncssssisssanssssssessssssssssssssssssssssssssssssssssssssssssssasssssnssses 1
2 Features of Appraisal Models........ouiieennenninnsensncnsnenssnncsnenssncsssessssecssesssesssecssnes 3
3  Climate Trends in Unforced and Forced Simulations R | |
3.1 Control Run Secular Trends 11

3.1.1 Annual and Global Mean Surface Air Temperature Power Spectra...........c..ccevveennenne. 11

3.1.2 Annual and Global Mean Surface Air Temperature Trends............ccovvervevierciereenennne. 12

3.1.3 Annual Average Global Maps of SST Trends.........cccecvevierierieiieieeiesiesee e 12

3.1.4 Annual and Global Mean Oceanic Temperature, Salinity and Sea-Ice Extent Trends. 20

3.2 CMIP 1%/yr runs 28

3.2.1  SUIMIMATY tuvvieiieeiee ettt eite ettt eite ettt e stteebteeteeebteenteeesbbeenseesnsaeesseesnsaeenseesnsaesnseesnsaesnseenn 31

4  Atmospheric Climatology and Annual Cycle..........ccoveeevevercrsercssnicssnnicssanscsaneoes 33
4.1 Overview 33

4.2 Zonal Mean Vertical Cross Sections 36

4.2.1  AQl TEMPEIATULE ....cuveeevieeieeeieiieieeie e sete st esteetestesste st esseenseessessaesseenseensesnsesseesseenseenns 36
A4 1 Y B 11T BRI 36

4.2.3 Specific HUMIAILY ..cooeiiieiieiieeeee et 36

4.3 Zonal Means, Statistical Plots and Maps 40

4.3.1 Surface Air TeMPETATUIEC .......c.eecvieriertieireeteeieseesteesteeseeseeeseeseesseeseessesssesseesseesseessennns 40

4.3.2 PrECIPITALION ...vveeveiiesiieieeieeeteetteete et et e eebeetaesteesteesseessesssesseesseesseesseessesseessesssenssessnesses 41

4.3.3 Outgoing Longwave Radiation.............ccuerieriiriieiienieiieie e 42

4.3.4 Total ClOUA COVET ...ccviiiiieiiieciiiecieeeie e et et e ete e vt esveeseveessbeesebeessseesssessssaessseessseensss 43

4.3.5 Mean Sea-18Vel PIESSUIE .......cc.cciiivieiiiieiiieieeee ettt ev e ste e b esbeesaesreesaeesaeesneees 43

4.4 The Amplitude and Phase of the Seasonal Cycle 54

44,1 TNIFOAUCHION ..eovvieeiieie ettt ettt ettt et eseesteesaeesseesseessesseesseesseessessaesseesseessenssennns 54

4.4.2 Global Characteristics: T(2m), Precipitation and OLR ..........c.cccevvriiiecienienieieee 55

4.4.3 INOITH AINETICA.....ccuiiieiieiiieeie et eeieesteestteesteestteestae e tee e sbeesseeessaeeseeessseansesenseeanseesnses 59

4.4.4 South America, the Atlantic and Western Africa..........cccccooevveieeiiiiiieiiie e, 63

4.4.5 TNA0-PACITIC ...ccuiiiiiiiceiiciecteeee ettt et b e e et e s re e ste e beenaeens 66

4.4.6 Europe/Middle East/ Northern Africa ......c.cccevvevierieniieiieieeienieeie e 69

4.5 Tropical Biases in Rainfall, SST, and Windstress 72

T Vi 0T 1817 (03 USRI 72

4.5.2 The Models and Validation Data............cccceeivieeiiiiiieeiieiieeeie et 72

4.5.3 THE BIASES ...vieiiiieiieeiieeiie et ciee et et e s teestee st eesbeessbeessbaesnbeesnsaeanbeeesseeenseeanseeenseennses 72

4.6 The Koppen Climate Classification 78

O N Vi o7 1817 (03 SRR 78

4.6.2 The NRL Koppen Classification SChEmE ............cceecveeierieiieiieiecieeee e 78

4.6.3 KC of the CMIP2+ Mean Model.........ccoccuiiiiiieiiiiiieeieecieeie et 79

4.6.4 The TransSter MAtIIX ......cccveeeveerieenieeiieeseeeieeesteeesteeeteesteeeseesnsaeeseesssesansessnsessnsessnses 80

4.6.5 BE—Big EITOT......ccciiiiiiiiiieieeeeeetete ettt ettt ssae st esreeneenaeens 81

il



4.6.6 Major Class Distribution ErTor..........cocoieiiiiiiiiiiiiiiieieeeeeeee e 82

4.6.7 Summary Of KC reSUILS .....c.eccuieiieieiieiieie ettt ettt et ste e esbeesaeseeenas 83

5  The Mean State of the Ocean and Cryosphere ...........cieecvrcccercsseccscnnccssanccsess 93
5.1 Introduction 93

5.2 The Atlantic Ocean 97

5.3 The Pacific Ocean 102

5.4 The Indian Ocean 107

5.5 The Arctic Ocean 111

5.6 The Southern Ocean 115

5.7 Sealce 119

6  Simulated Variability 121
6.1 El Nifio/Southern Oscillation 121

6.1.1 TNEOAUCHION ...ttt ettt ettt sttt e st et e b e et e etaessaesseesseensesssesseesseenseensenns 121

6.1.2 The MOMEIS......cciieeiiiieiiciieiecteet ettt ettt et etaeste e beesbeesaessaesseesseenseansenns 121

6.1.3 Seasonal Cycle Phase Locking and Power Spectra..........cccevvveveenienieienienieeee 121

6.1.4 SOI and NINO3 Tel€CONNECHIONS. ..........vveeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeeeee e 122

0.1.5  SUIMIMATY .ottt ettt et ettt e et esbee s bt e bt eaesatesaeesbeenteeneeens 123

6.2 The North Atlantic Oscillation 127

6.2.1 TNEOAUCHION .....evviiiieieeie ettt ettt ettt e s te e e e b e e b e esaessaesbeesseensesssesseesseesseensenns 127

6.2.2 Annual Mean Climatology and Variance ............cceecvereerieecienieseeneeneeeeseeseeseeeeens 127

6.2.3 NAO TClECONNECIONS ....veeeuvieeirieeiieeiieeteesrieeteestveesaeestaeessaeeseeesseesseesseessseessseensses 128

0.2.4  SUIMIMATY .e.ntiiiiiiiieitieie ettt ettt ettt sh e st e et et e st e ebeesbeesbe e beemaesatesaeesbeenteenseans 130

6.3 Tropical Wavenumber—Frequency Spectra 139

6.4 The Madden—Julian Oscillation 146

6.4.1 TNEOAUCLION ...ttt ettt sttt e e et eesaesse e seenseensesnnesseesseenseenseans 146

6.4.2 The Models and Validation Data............c.ccccureruiieiiiieiiiieiie et 146

6.4.3 OLR ANd the MJO .....ooooiiiiiieiie ettt st s be et e s aeesebeesaaeenenas 147

6.4.4 MIJO Convection: CMIP2+ vs. AMIPII .........ccooeviiiiiiiieiie et 149

6.4.5  SUIMIMATY ..veeetieeiieetieeiteetteeitestteeteesteeeteesbeeesteessbeesaseessbaesnseesaseesnseessseessseesseennses 150

7 Appraisal SUMMArY........ceiiininienssenessssicssencssssncssssscsssssssssssns 159
ACKNOWICAZMENLS ...cuuuverrieiirnniicsssnricssssanrecssssssssssssassessssssssssssssssssssssssssssssssssssssssssssssass 163
RETEIEINCES couvverierirnriicsssnniensssrnriesssssssscsssssssessssassessssssssessssssssssssssssssssssssssssssssssssssssassssses 165
Appendix 1: Observationally Based Resources 177
Appendix 2: Interpretation of the Statistical Taylor Diagram........cccccccereeeccnerccnns 179
AppPendix 3: ACIONYINS ...ccuevecrererreresessesesssessssesesseessssssssassassssesasns 183

v



List of Figures

Fig. 3.1. Power spectra of detrended globally and annually averaged surface air

temperature simulated by CMIP2+ models and observed by Jones / IPCC. The curves are

scaled so that the areas under them (if plotted linearly) equal the total variances about the

mean of the detrended time series. The 95% confidence interval—based only on

uncertainties due to finite sample size—is the same for all cases with the logarithmic

scales used in this graphic. The models exhibit global variability that is typically less

than observed, as expected for control run SIMUIAtIONS. .........eviiiieiiiei e 14

Fig. 3.2. Time series of annual mean surface air temperature from the last 200 years of

CMIP2+ control runs integrations and observed by Jones / IPCC. Blue curves are

Northern Hemisphere means, pink curves are Southern Hemisphere means, and black

curves are global means. Black straight lines are linear least-square fits to global means.

The models typically exhibit smaller trends than observed, as expected for control run

SIMIUIALIONS ...ttt ettt et s b et eb et e b e st b e e bt eae et et eae st bt eaeean e enne e 15

Fig. 3.3. Sea surface temperature trends observed for the period 1898-1997 (HadSST

database) and simulated by two of the three CMIP2+ models that are not flux-adjusted.

Results of globally averaging these trends are given in Table 3.1 for the results shown in

this figure and for all other CMIP2+ models. All the models exhibit trends that are

considerably smaller than observed, as expected for control run simulations. ............ccoeceevveeeiieciereeneennenn, 19

Fig. 3.4. Average salinity over total ocean volume for the three CMIP2+ models that
WETE NOL FIUX-AAJUSTEA. ....eeeeeieeieee ettt ettt et e et et e s aesaeebesaeeneeneeeeneea 22

Fig. 3.5. Deviation of the globally and annually averaged ocean temperature from the

first year (of data archived at PCMDI) as a function of depth (degrees C). The three

models that are most suggestive of trends (BCM02, CCCma and PCM) are found to

approach quasi-equilibrium later in the integrations (not shown). In each case, years 60—

79 are found to be periods of relative stability, and are therefore used to derive

climatologies for the mean climate Sections 4 (atmosphere) and 5 (0CEANS). .....cceevverurreririeieieieeeene 23

Fig. 3.6. Deviation of the Arctic Basin annual mean temperature from the first year (of
data archived at PCMDI) as a function of depth (degrees C). ....ooouieiirierieiieiieeeeeeee e 24

Fig. 3.7. Deviation of the globally and annually averaged ocean salinity from the first
year (of data archived at PCMDI) as a function of depth (PPt). ...cveeoverierierieiieeeeeee e 25

Fig. 3.8. Deviation of the Arctic Basin annual mean ocean salinity (ppt) from the first
year (of data archived at PCMDI) as a function of depth (Im). ........ccooieviiiiiieiiiiiieeeeee e 26

Fig. 3.9. Northern and Southern Hemisphere 5-year running means of the percentage
changes in the total sea ice surface area with respect to the mean of the first 5 years..........ccccereienenenne 27

Fig. 3.10. Differences between increasing atmospheric carbon dioxide scenarios and
model control runs in the global and annual mean, for surface air temperature in K (top)
and precipitation in mm/day (bottom), as a function of time in Years. .........cccceceevvevieriirenenenieneneeieeeenne 29

Fig. 3.11. Differences near the time of CO, doubling between increasing atmospheric

carbon dioxide scenarios and model control runs, averaged over all models, for the
December—January—February season (top row) and the June—July—August season (bottom

row). The left-hand column shows surface air temperature differences in K; the right-

hand column shows precipitation differences in Mm/day..........ccceeveerieiiiiinienieeeeee e 30



Fig. 4.1. Taylor diagrams (Appendix 2) showing differences in statistical measures of
model agreement with observed climatology (Appendix 1) for several different fields.
Comparisons are shown for the CMIP mean and median models (upper panel) and the
median AMIP and CMIP models (lower panel). The statistics are based on sums
computed over the four climatological mean seasons and over all grid cells, weighted by
grid cell area. Note that for each field, the standard deviation and root-mean-square error
statistics have been normalized by the respective observed standard deviation of the field.
The following fields were considered: surface air temperature (TAS), precipitation (P),
outgoing longwave radiation (OLR), reflected shortwave radiation (SW), longwave cloud
radiative forcing (LW cgr), reflected shortwave clear-sky flux (SW¢,), surface sensible
heat flux over oceans (SH), surface latent heat flux over oceans (LH), eastward and
northward components of surface wind stress over oceans (TAUU, TAUV), zonal and
meridional wind components at 200 hPA (U,g, V2q9), geopotential height at 500 hPa
(Zs0), mean sea level pressure over oceans (PSL), specific humidity at 850 hPa (Qgso),

and total cloud fraction (CLT)....c.cccuioiiiiieiieiieeeceeseee ettt ettt ebeeas e ra e baesaeennas

Fig. 4.2. DJF and JJA air temperature. First row: Reference (dark line) and mean model
(white line) zonal averages at 200 hPa, with + 1&2 inter-model standard deviations
(shaded); Second and third rows: Reference (ERA15) and mean model zonal cross

sections; Fourth row: Mean model—Reference. .............oooovvviieeiviiiiieieeeeeeeeee e

Fig. 4.3. DJF and JJA zonal wind (m/s). First row: Reference (dark line) and mean
model (white line) zonal averages at 850 hPa, with £ 1&2 inter-model standard
deviations (shaded); Second and third rows: reference and mean model zonal cross

sections; Fourth row: Mean mOdel-—TeferenCe. .........ccuiiiiiiiiiiiieii e

Fig. 4.4. DJF and JJA specific humidity (kg/kg). First row: Reference (dark line) and
mean model (white line) zonal averages at 850hPa, with + 1&2 inter-model standard
deviations (shaded); Second and third rows: reference and mean model zonal cross

sections; Fourth row: Mean model—1eference. .............oooovvvvieeieiiiiieieeeeeeeeeee e

Fig. 4.5. DJF and JJA surface air temperature (K). Upper panels: observed (dark line)

and mean model (white line) zonal averages with + 1&2 inter-model standard deviations
(shaded); Middle panels: spatial pattern statistics based on all latitude and longitude grid-
cell values (area weighted); Lower panels: spatial statistics for departures from the zonal

........... 37

........... 38

........... 39

100122 o FRU RO TRRRN 44

Fig. 4.6. DJF and JJA surface air temperature (K). First row: Jones (observations);
Second row: Multi-model ensemble mean; Third row: Multi-model ensemble
observations; Bottom row: Multi model ensemble inter-model standard deviation. Note

that nonlinear scales are USed fOr all PLOLS. ......ccveiieiiirieie et 45

Fig. 4.7. DJF and JJA total precipitation (mm/day). Upper panels: observed (dark line)
and mean model (white line) zonal averages with + 1&2 inter-model standard deviations
(shaded); Middle panels: spatial pattern statistics based on all latitude and longitude grid-
cell values (area weighted); Lower panels: spatial statistics for departures from the zonal

1001221 o KRR PRRTN 46

Fig. 4.8. DJF and JJA total precipitation (mm/day). First row: CMAP (Observations);
Second row: Multi-model ensemble mean; Third row: Multi-model ensemble
observations; Bottom row: Multi-model ensemble inter-model standard deviation. Note

that nonlinear scales are USed fOr all PLOLS. .......ccvevieiieiiiieriee ettt reesbeeae e ees 47

Fig. 4.9. DIF and JJA outgoing longwave radiation (Wm™). Upper panels: observed
(dark line) and mean model (white line) zonal averages with + 1&2 inter-model standard
deviations (shaded); Middle panels: spatial pattern statistics based on all latitude and
longitude grid-cell values (area weighted); Lower panels: spatial statistics for departures

§310) 00 I 1 (TSI 0) 1 F:1 150 0 =T ) « WSRO 48

vi



Fig. 4.10. DJF and JJA outgoing longwave radiation (Wm™). First row: ERBE
(Observations); Second row: Multi-model ensemble mean; Third row: Observations
minus Multi-model ensemble; Bottom row: Multi model ensemble inter-model standard

deviation. Note that nonlinear scales are used for all plots..........ccoocvevieriieciincinieeee e,

Fig. 4.11. DJF and JJA total cloud cover (percent). Upper panels: observed (dark line)

and mean model (white line) zonal averages with + 1&2 inter-model standard deviations
(shaded); Middle panels: spatial pattern statistics based on all latitude and longitude grid-
cell values (area weighted); Lower panels: spatial statistics for departures from the zonal

072 0 N

Fig. 4.12. DIJF and JJA total cloud cover (percent). First row: ISCCP (Observations);
Second row: Multi-model ensemble mean; Third row: Observations minus Multi-model
ensemble; Bottom row: Multi model ensemble inter-model standard deviation. Note that

nonlinear scales are USed fOr all PlOLS. .......ccuevieriieiiieieeieeee e

Fig. 4.13. DJF and JJA sea level pressure (hPa). Upper panels: observed (dark line) and
mean model (white line) zonal averages with + 1&2 inter-model standard deviations
(shaded); Middle panels: ocean pattern statistics based on all latitude and longitude grid-
cell values (area weighted); Lower panels: spatial statistics for departures from the zonal

01072 0

Fig. 4.14. DJF and JJA mean sea level pressure (hPa). First row: ERA1S5 (Reanalysis);
Second row: Multi-model ensemble mean; Third row: reanalysis minus Multi-model
ensemble; Bottom row: Multi model ensemble inter-model standard deviation. Note the

nonlinear scales are USed fOr all PLOLS. .......ccvevieriieiiieiicieiee e

Fig. 4.15. Surface air temperature (K). Top row: Observational (Jones) annual amplitude
and phase; Second row: Multi-model ensemble annual amplitude and phase; Third row:
Observational ratio of semi-annual to annual amplitude (A,/A;) , and phase of semi-
annual cycle; Bottom row: multi-model ensemble ratio of semi-annual to annual

amplitude (A,/A) , and phase of semi-annual cycle. Note the nonlinear scales. .........ccccecceceevennenee.

Fig. 4.16. Total precipitation (mm/day). Top row: Observational (CMAP) annual
amplitude and phase; Second row: Multi-model ensemble annual amplitude and phase;
Third row: Observational ratio of semi-annual to annual amplitude (A,/A,), and phase of
semi-annual cycle; Bottom row: multi-model ensemble ratio of semi-annual to annual

amplitude (A,/A,) , and phase of semi-annual cycle. ..........cccooviriiriiiiiiee e

Fig. 4.17. Outgoing longwave radiation (Wm™). Top row: Observational (ERBE)
annual cycle amplitude and phase; Second row: Multi-model ensemble annual amplitude
and phase; Third row: Observational ratio of semi-annual to annual amplitude (Ay/A,) ,
and phase of semi-annual cycle; Bottom row: multi-model ensemble ratio of semi-annual

to annual amplitude (A,/A) , and phase of semi-annual cycle. .........ccceeeirviriiieniniie e

Fig. 4.18. North American annual cycle amplitude (color) and phase (vectors indicate
month of maximum): surface air temperature (°C, left column), precipitation (mm/day,
middle column), outgoing longwave radiation (Wm™, right column), reference data (top
row), mean model (middle row) and mean model-reference (bottom row). In the top and
middle rows the vector orientation is January at noon and April at 3 o’clock. In the
bottom row the vector orientation is zero difference at noon and mean model leading the
reference by 3 months at 3 o’clock. Vectors are only shown for every other grid cell.

NOtE the NONINEAT SCALES. .....oiieeiiiieeiie et e ettt e e e e et e e s et eeessaeeeseaaeessenaeeeeans

Fig. 4.19. Southwest US regional-average time series for surface air temperature, total

precipitation, outgoing longwave radiation and total cloud COVeT.........cccoeviriiriinienieieeee e

Vil

........... 50

........... 51

........... 52

........... 53

........... 56

........... 57

........... 58



Fig. 4.20. South America, the Atlantic and Western Africa annual cycle amplitude

(color) and phase (vectors indicate month of maximum): surface air temperature (°C, left

column), precipitation (mm/day, middle column), outgoing longwave radiation (Wm™,

right column), reference data (top row), mean model (middle row) and mean model-

reference (bottom row). In the top and middle rows the vector orientation is January at

noon and April at 3 O’clock. In the bottom row the vector orientation is zero difference

at noon and mean model leading the reference by 3 months at 3 o’clock. Vectors are only

shown for every other grid cell. Note the nonlinear Scales. ...........cceceririiiiiiinieeeee e 64

Fig. 4.21. Nordeste regional-average time series for surface air temperature, total
precipitation, outgoing longwave radiation and total cloud COVET..........ccceerieiiieiiiniinierieeee e 65

Fig. 4.22. Indo-Pacific annual cycle amplitude (color) and phase (vectors indicate month

of maximum): surface air temperature (°C, left column), precipitation (mm/day, middle

column), outgoing longwave radiation (Wm™, right column), reference data (top row),

mean model (middle row) and mean model-reference (bottom row). In the top and

middle rows the vector orientation is January at noon and April at 3 o’clock. In the

bottom row the vector orientation is zero difference at noon and mean model leading the

reference by 3 months at 3 o’clock. Vectors are only shown for every other grid cell.

Note the NONIINEAT SCALES. ..c..eouiriiiiieiieiiierteeeeece ettt ettt sttt et ettt s ae st s bt sbe bt et enenaens 67

Fig. 4.23. India regional-average time series for surface air temperature, total
precipitation, outgoing longwave radiation and total cloud COVET...........ccevieriieiieiinieniieieee e 68

Fig. 4.24. Europe/Middle East/North Africa annual cycle amplitude (color) and phase

(vectors indicate month of maximum): surface air temperature (°C, left column),

precipitation (mm/day, middle column), outgoing longwave radiation (Wm?, right

column), reference data (top row), mean model (middle row) and mean model-reference

(bottom row). In the top and middle rows the vector orientation is January at noon and

April at 3 o’clock. In the bottom row the vector orientation is zero difference at noon and

mean model leading the reference by 3 months at 3 o’clock. Vectors are only shown for

every other grid cell. Note the NnONINEAr SCALES. ........c.eecvieierieiiieiieie ettt eeae e eeees 70

Fig. 4.25. Sahel regional-average time series for surface air temperature, total
precipitation, outgoing longwave radiation and total cloud COVET..........ccceevieiiieiiieiiriereeeee e 71

Fig. 4.26. (a) Annual mean CMAP rainfall and NCEP/NCAR surface windstress for

1979-95. Differences (non-flux-adjusted coupled model—observations) of simulated

rainfall and windstress between (b) CCSM2.0, (c) HadCM3, and (d) PCM, and the

ODSEIVALIONS 11 (). 1.veevveeeieiiieiiieiieesteesteeteeetesttesteeseesseessesssesseesseesseesseassesseessseseenseessenssenssenssesseesseesseensesssenses 75

Fig. 4.27. Differences (flux-adjusted coupled model—observations) of simulated rainfall

and wind stress between (a) CCCma_CGCM2, (b) CSIRO_Mk2, (c) ECHAM4 OPYC,

(d) ECHO-G, (e) GFDL_R30 c, (f) HadCM2, and (g) MRI_CGCM2.3, and the

0] o1e) N Te) 4 S 1 T 0 VSR 76

Fig. 4.28. Differences (AMIP II model—observations) of simulated rainfall and
windstress between (a) CAM2.0, (b) HadAM3, (c) ECHAMA4, and (d) GFDL _R30, and
the 0bServations i Fig. 4.2608. ........c.ccciiiiiiiiiieiieieeeeeteeste ettt steesaeesae st s st e baesseesseessesseesseeseesseensenens 77

Fig. 4.29. Full (27) KC classes for the mean model (top panel, “mean-c03a”) for 20-y
annual cycle of model years 60—79 and the observational standard (bottom panel

CODSEIVEA™). .ttt ettt ettt bbbttt b bt s bbbt e bt b et e bt b et e bt eb et e bt b et e st e bt ne b e s ne 86
Fig. 4.30. The 8 BE (big error) types (hot, hot/wet, wet, cold/wet, cold, cold/dry, dry,
hot/dry) and seasonality (annual, summer, winter) for the mean model...........cccccceevenininininicnieienenenne 87

viil



Fig. 4.31. Comparison of Control (constant CO,, A) and perturbation (increasing CO,,

B) runs for 11 models and the mean (mean-c03a) and median model (median-c03a),

based on the 20-year annual cycle for years 60-79 over land only. The length of the bar

proportional to the percent total area on is (green), above (warmer/dryer/) is red) and

below (cooler/wetter, blue) the diagonal of the transfer matrix. Also displayed are the

ERA-40 reanalysis (“era40”) and two observational KCs “CAI_L-W” (CAI v Legates

and Willmott [1990a?] surface air temperature) and “CAI_ CMAP” (CMAP v CAI

precipitation). Total of the blue and red area (off-diagonal error) is printed above the

model name and error > 15% 1S DOLA. ...c..eeuieiieiecee e e 88

Fig. 4.32. As in Fig. 4.31 except for the perturbation (test input climatograph) versus the

control model (reference climatograph). .........ccvevuieiiiriiiiieiieeiee et 89
Fig. 4.33. Asin Fig. 4.31 except for % area with big errors: 1) hot/red, 2) dry/yellow;

3) wet/green; and 4) COLA/DIUC. .....oovviiiieiiiieiiese ettt ettt ettt e e besaesaeesseesseenseesseessenssenseens 90
Fig. 4.34. As in Fig. 4.32 eXCept fOr DIg @ITOTS. .....cccviiiieieiieiierieeie ettt sae s saeesseesaeenae e 91

Fig. 4.35. Asin Fig. 4.31 except for total distribution error by the 5 major KC classes

(A = purple, B = rust, C = green, D = brown, E = blue). Size of the bar indicates the

magnitude of the difference and the position of the bar above (more area in the Model

compared to the Obs) and below (less area) the 0 % line indicates direction, i.e., bars

above 0 mean “too much” and below “too little” area of the color-coded class. The total

error (sum of the magnitudes of the 5 errors) is listed above model name on x axis with

bold number indicating total distribution error >15%. Note that the length of the bar

above and below 0 is the same (total difference is 0.0). .......ccoevviiiiiieiieiiieiieeeeeee e 92

Fig. 5.1. Sea surface temperature time mean difference between the CMIP2+ models and
Levitus (degrees C). Note the large values at high latitude are a result of comparing the
model skin temperature on top of sea-ice vs. the observed estimate below the ice. ........ccceceveninincncnnnn. 95

Fig. 5.2. Sea surface salinity time mean difference between the CMIP2+ models and
LLEVIEUS (PP1): +evverrerriereeieitestesteesteete et e etteeteesseesseesseessesssesseesseesseesseassesseesssasssenseessenssenssasssesseesseessennseensensns 96

Fig. 5.3. Potential temperature in the Atlantic Ocean: zonal-average versus depth. Note
the different vertical scales for 0—1000 m and 1000—5000 M. ........ccoirieirinierinineineneeneeeee e 98

Fig. 5.4. Salinity in the Atlantic Ocean: zonal-average versus depth. Note the different
vertical scales for 0—1000 m and 1000—5000 M. ......cc.oeoiriirieriet et 99

Fig. 5.5. Salinity section at 35°N in the Atlantic Ocean. Note the different vertical scales
for 0—1000 m and 1000—5000 I0.........ccveiririeiriiieineeeertee ettt sttt st seenen 100

Fig. 5.6. Meridional current at 35°N in the Atlantic Ocean. Note the non-uniform
CONEOUL IMCTEIMICILS. «..vveetirtineeuiteatetertestetesteetettrtese et e st eeeete st est bt sae st eb st eet et e s ese ettt e st eb et esteb e s eseeaeeneseebensennenen 101

Fig. 5.7. Potential temperature in the Pacific Ocean: zonal-average versus depth. Note

the different vertical scales for 0—1000 m and 1000—5000 M. .....c..c.coeoirireirinerinineineneeeereeeeeeeees 103
Fig. 5.8. Salinity in the Pacific Ocean: zonal-average versus depth. Note the different

vertical scales for 0—1000 m and 10005000 M. .........ceiiriiriiirieiiereee et neeas 104
Fig. 5.9. Equatorial Pacific (averaged 2°S—2°N) upper ocean temperature. ...........ccecueeeereeererenereeeseennens 105
Fig. 5.10. Cross section of zonal currents at 145°W in the Pacific Ocean (m/s). .........ccoevveveverrrecirniennnnns 106
Fig. 5.11. Potential temperature in the Indian Ocean: zonal-average versus depth. Note

the different vertical scales for 0-1000 m and 1000—5000 M......c..ccuevuirirenirininieieieeneee e 108
Fig. 5.12. Salinity in the Indian Ocean: zonal-average versus depth. Note the different

vertical scales for 0—1000 m and 10005000 M. .....c.couirieiririeirinieinee et 109
Fig. 5.13. Northward current in the Indian Ocean at 35°S. Note the non-uniform contour

TTICTEITICIIES. ...ttt sttt ettt ettt sb e eb bt et e e e et s bt sb e bt e st eae e s et e b e sb e e bt eaeeasensens e besaeebesueennennennen 110
Fig. 5.14. Potential temperature in the Arctic Ocean: zonal-average versus depth ...........ccoccoeeevienienns 112

X



Fig. 5.15. Salinity in the Arctic Ocean: zonal-average versus depth. .........cccceoeririniinininieeee e, 113

Fig. 5.16. Northward current through the Fram Strait and the Barents Sea at 80°N. ...........cccocevierienne 114
Fig. 5.17. Potential temperature in the Southern Ocean: zonal-average versus depth..............cceceeenen. 116
Fig. 5.18. Salinity in the Southern Ocean: zonal-average versus depth...........cccceoviiiiiiniiinieiieeeees 117
Fig. 5.19. Southern Ocean zonal current at 60°W. ........cccoeviiiiiiiiiirieiiee ettt ens 118

Fig. 5.20. Sea-ice concentration (percent) for the CMIP 20-year climatologies and
ODSETVALIONS. .....covenetiteneettrteet ettt ettt ettt ettt et ettt et ettt et eb e et et ea et et sb et ettt e st ettt esteb e s st ebenneneebensennenen 119

Fig. 5.21. Annual cycle in total sea-ice area (10° km?) for the 20-year climatologies of
the CMIP simulations and observationally based eStimates. ...........ccccoeiririiieieiieere e 120

Fig. 6.1. Monthly standard deviations of NINO3 surface air temperature anomalies. ....................co........ 124

Fig. 6.2. The maximum entropy power calculated for the surface air temperature

anomalies (sea surface temperature anomalies from HadISST 1.1) from monthly mean

climatology for the NINO3 region (5°S—5°N, 150°W-90°W). The vertical lines represent

2= ANA T-FCAL PEIIOUS. ..eevvieeieeiietiete et eteete st et et etesteesetesseesseenseesseessaseenseanseessesssesseeseensesnsesnsesseenseensenns 124

Fig. 6.3. The lag correlation between surface air temperature anomalies in the NINO3
region and the SOI as defined above plotted for all models and reanalyses and between
the HadISST 1.1 sea surface temperature and CRU SOI datasets. ..........ccoceveveerieriierieeieieenieereeeeeeennens 125

Fig. 6.4. The evolution of the surface air temperature anomaly in the NINO3 region for a

composite warm event in models, reanalyses and the HadISST 1.1 dataset. The shaded

area represents the one standard deviation envelope of the observed NINO3 sea surface

temperature anomaly for warm events in the HadISST 1.1 dataset.........c..ccceveveninenieniniinnceiienicncncnee, 125

Fig. 6.5. December—February warm event composites of (a) Surface air temperature,
(b) Sea-level pressure, and (c) Precipitation from MRI CGCM2.3..........ccoeiivieniieiieieceeceeeee e 126

Fig. 6.6. Annual mean sea-level pressure climatology (hPa): (a) NCEP/NCAR reanalysis

(1979-95), (b) 20 years of CCSM2.0, (c¢) model-NCEP/NCAR reanalysis. Variance of

monthly mean sea-level pressure anomalies (hPa?), (d) NCEP/NCAR reanalysis (1979—

95), (e) 20 years of CCSM2.0, (f) model-NCEP/NCAR reanalysis...........cceecvervrecierienierieenienie e 132

Fig. 6.7. Annual mean surface air temperature climatology (K): (a) NCEP/NCAR

reanalysis (1979-95), (b) 20 years of CCSM2.0, (c) model-NECP/NCAR reanalysis.

Variance of monthly mean surface air temperature anomalies (K*), (d) NCEP/NCAR

reanalysis (1979-95), 20 years of CCSM2.0, (f) model-NCEP/NCAR reanalysis. .........cccccceveerueruerenuennn. 133

Fig. 6.8. Linear regression of the NAO principal component with monthly anomalies of

sea-level pressure (hPa) and 850-hPa wind (ms™): (a) NCEP/NCAR reanalysis (1979—

95), (b) 20 years of CCSM2.0, (¢) CCSM2.0-NCEP/NCAR reanalysis. The regressions

have been scaled by a one-standard-deviation perturbation of the respective principal

components, and plotted where they are at least 5% significant. ............ccoecverieriieiieicienieneee s 134

Fig. 6.9. Linear regression of the NAO principal component with monthly anomalies of

surface air temperature (K): (a) NCEP/NCAR reanalysis (1979-95), (b) 20 years of

CCSM2.0, (c) CCSM2.0-NCEP/NCAR reanalysis. The regressions has been scaled by a
one-standard-deviation perturbation of the respective principal components, and plotted

where they are at least 5% SIZNIICANL. .......c.cocieiieriiiiieieeieeeeee e e e e sraenneas 135

Fig. 6.10. Zonal mean (90°W—40°E) of the regression of the observed and simulated

NAO principal components with monthly anomalies of sea-level pressure (hPa). The

regressions have been scaled by a one-standard-deviation perturbation of the respective

principal components. The zonal averaging has been done prior to masking for statistical

SIZMITICANICE. ...ttt ettt h ettt e at e s bt e s bt et e st e e et e eb e e bt et e esteebteebe e beenbeemtesaeesae 136



Fig. 6.11. Meridional mean (50°N—85°N) of the regression of the observed and

simulated NAO principal components with monthly anomalies of surface air temperature

(K). The regressions have been scaled by a one-standard-deviation perturbation of the

respective principal components. The zonal averaging has been done prior to masking for

StAtiStICAl SIGNITICAINCE. ... eetiiiieieeie ettt sttt et e e ae st e saee st enseenseenseessessaesseenseensesnnenees 137

Fig. 6.12. Scatter-plot of the standard deviation of the NAO principal components with

respect to their lag-1 autocorrelation. The result(s) from NCEP/NCAR reanalysis is given

in blue; those from the coupled CMIP2+ and AMIP II models are given in red and black,

TESPECTIVELY . ..ttt ettt ettt e bt e st e st et e e e bttt e bt eaten e e n e et et e ke bt eaeebeene e st entenean 138

Fig. 6.13. Frequency—wavenumber plots of OLR between 15°N-15°S decomposed into

eastward- and westward-propagating wavenumbers for the antisymmetric and symmetric

spectra: (a—b) AVHRR OLR, (c—d) NCEP/NCAR Reanalysis (1979-97) OLR,

(e—f) CAM2.0 OLR, (g—h) CSIRO_Mk2 OLR, (i-j) ECHAM4 OPYC3 OLR, (k-1) ECHO-G

OLR, (m—n) GFDL _R30 ¢ OLR, (0—p) HadCM3 OLR, and (q—t) PCM OLR. .......cc.cccveviirirerieieeiieienns 141

Fig. 6.14. November—March outgoing longwave radiation (OLR): climatology of

(a) AVHRR and (b) ECHO-G; daily variance of (c¢) AVHRR, and (d) ECHO-G; 20-100-day
bandpass-filtered variance (¢) AVHRR, (f) ECHO-G, and percent of daily variance

explained by the 20—100-day bandpass-filtered OLR (g) AVHRR and (h) ECHO-G............ccevvernee.e 151

Fig. 6.15. Lead-lag correlation between PC-1 and PC-2 for each winter. Positive
correlations at positive time lags indicate that convection over the Indian Ocean leads that
over the western Pacific Ocean. The solid black curve is the average over all years of

data. For the model, the dashed black curve is the average for years that lie in the

observed phase-space (upper-right quadrant) of Fig. 6.14c. (a) AVHRR, (b) ECHO-G,

(c) Phase-space of the maximum positive correlation and its associated time lag for each year

Fig. 6.16. Lag-0 linear regressions of PC-1 with 20~100-day filtered OLR (Wm™):

(a) AVHRR OLR, (b) ECHO-G. Panels (c) and (d) are as (a) and (b), but for regressions

using PC-2. Data are plotted for a one-standard-deviation perturbation of the respective

principal components where the fit is 5% significant or better, assuming each pentad is

INACPEIACTIL. ...veiviiiiiiciiictiete ettt ettt et e et e e ebeeaeeste e te e beesseesaesseesseesseesseesseessessseseesseenseensenees 153

Fig. 6.17. Longitude—time lag plots of the linear regression of PC-1 with 5°N—5°S
averaged 20—100-day bandpass-filtered (a) AVHRR OLR (Wm™), (c) SST and ground
temperature (K), and (¢) 10-m zonal wind (ms™). Contours of the OLR regression are
plotted on each panel in increments of 2.5 Wm™. Panels (b), (d), and (f) are as (a), (c),
and (e) but for ECHO-G. Time lags run from -25 to 25 days. The vertical dashed line
gives the longitude of strongest convection in EOF-1 (Fig. 6.15a), and the horizontal
dashed line corresponds to zero time lag. Data are plotted for a one-standard-deviation
perturbation of the respective principal components where the fit is 5% significant or
better assuming each pentad is independent. On each plot isolines of the OLR regression

are plotted (negative values correspond to enhanced CONVECHION). .....cc.eeuirierierieiieeie e 154
Fig. 6.18. As Fig. 6.16 but for (a-b) latent heat flux (Wm™), (c-d) 1000-hPa divergence
(s™), and (e-f) 1000-hPa specific humidity (K KZ™). ...v.oveoveieeeeeeeeeeeeeeeeeee e 155

Fig. 6.19. Longitude—height cross sections of zero-time-lag linear regressions of PC-1

with 5°N—5°S averaged 20—100-day bandpass-filtered (a) divergence (s™), (c) specific

humidity (kg kg™), and (e) zonal wind/vertical velocity vectors [note: the vertical velocity

(Pa s™) has been multiplied by -100 to give scaling compatible with the u-wind (ms™)]

and contours of the u-wind in increments of 0.5 ms™'. Panels (b), (d), and (f) are as (a),

(c), and (e), but for ECHO-G. Note: in (f) the vertical velocity was unavailable, so the

vectors are omitted. The vertical dashed line at 125°E is the longitude of strongest

convection in Fig. 6.15a. Wind vectors are plotted at every other grid point for clarity.

Data are plotted for a one-standard-deviation perturbation of PC-1 where the fit is 5%

significant or better, assuming each pentad is independent...............ccevverieriieieeienieniee e 156

xi



Fig. 6.20. Time-lag versus height plots of linear regressions of PC-1 at 125°E (5°N-5°S

averaged) of 20—100-day bandpass-filtered (a) divergence (s), and (c) specific humidity

(kg kg™). Panels (b) and (d) are as (a) and (c), but for ECHO-G. Data are plotted for a
one-standard-deviation perturbation of PC-1 where the fit is 5% significant or better

assuming each pentad 1S INAEPENAENL. .........cccueiieriieriieit ettt e sre e s aesseeseeneeens 157

Fig. 6.21. As Fig. 6.16, but for longitude—time lag plots of the linear regression of PC-1
with 5°N—5°S averaged 20—100-day bandpass-filtered OLR (Wm) from the additional
CMIP2+ models (a) CCSM2.0, (b) CSIRO_MKk2, (c) ECHAM4 OPYC,

(d) GFDL_R30 c, (e) HadCM3, and (£) PCM. .....cceotioiririiiiiicinicnieeeeeeesiee e 158
Fig. A.2.1. Sample Taylor diagram displaying a statistical comparison between eight
model estimates of the June/July/August precipitation fields and observations.............cccceeeeeerenieennnnnne 179

Xii



List of Tables

Table 2.1. Salient features of coupled ocean-atmosphere general circulation models

(OAGCMs) entered in the 2004 PCMDI appraisal are listed alphabetically by model

acronym along with the approximate year of the respective simulations (“vintage”). Also

listed are the respective sponsoring institutions, the horizontal and vertical resolution of the

model atmosphere and ocean as well as the pressure of the atmospheric top and the oceanic

vertical coordinate and upper boundary condition. The representation of sea ice structure

and dynamics, as well as the representation of soil moisture, vegetation, and runoff (e.g.

discharge of fresh water to the ocean via a river routing model) also are indicated, with

citations of references that describe further details of components of the coupled OAGCMs.

See also the explanatory notes which follow the table on the next page. .........ccoovevieeviiecienienienieeeeeeieenn 6

Table 2.2. Features of the respective control and perturbed (1% per year increasing CO,)

experiments of the coupled ocean-atmosphere general circulation models (OAGCMs)

entered in the 2004 PCMDI appraisal are listed alphabetically by model name. Brief

descriptions of the spin-up procedures/durations and flux adjustments (if any) employed,

along with pertinent references are included. Also listed are the archived control run and

perturbed run years, both expressed relative to the end of the coupled spin-up period. See

also the explanatory notes which follow the table on the Next Page........c.cccverveerieecieiiieiiereee e 9

Table 3.1. SST trends for the CMIP2+ models (K/CENtury). ........cceruereiiriniiieieiee e 13

Table 4.1. Annual mean rainfall rate (mm day™'), root-mean-square difference (RMSD),

pattern correlation (R) and linear slope for 1