
Subcontractor Re~or t  

Regional Forecasting With 
Global Atmospheric Models 

Fourth Year Report 

May 1994 

Prepared by Applied Research Corporation 
for Pacific Northwest Laboratory 
under Contract DE-AC06-76RLO 1830 
with the U.S. Department of Energy 

Pacific Northwest Laboratory 
Operated for the U.S. Department of Energy 
by Battelle Memorial Institute 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or responsibility for 
theaccuracy, completeness, or usefulnessof 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 any agency thereof, or Battelle Memorial Institute. The views and 
opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

PACIFIC NORTHWEST LABORATORY 
operated by 

BATTELLE MEMORIAL INSTITUTE 
for the 

UNITED STATES DEPARTMENT OF ENERGY 
under Contract DE-AC06-76RLO 7 830 

Printed in the United States of America 

Available to DOE and DOE contractors from the 
Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN 37831; 

prices available from (61 5) 576-8401. FTS 626-8401. 

Available to the public from the National Technical Information Service, 
U.S. Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161 

@ The contents of this report were printed on recycled paper 



REGIONAL FORECASTING WITH 
GLOBAL ATMOSPHERIC MODELS 

FOURTH YEAR REPORT 

Thomas J. Crowley 
Gerald R. North 
Neil R. Smith 

Applied Research Corporation 
College Station, Texas 

W. H. Walters, PNL Project Manager 

May 1994 

Prepared by Applied Research Corporation 
for Pacific Northwest Laboratory 
under Contract DE-AC06-76RLO 1830 
with the U.S. Department of Energy 

Pacific Northwest Laboratory 
Richland, Washington 99352 





FOREWORD 

This report was prepared by the Applied Research Corporation 

(ARC), College Station, Texas, under subcontract to Pacific 

Northwest Laboratory (PNL) as part of a global climate studies 

task. The task supports site characterization work required for 

a high-level nuclear waste repository and is part of the 

Performance Assessment Scientific Support (PASS) Program at PNL, 

which is under the direction of the Yucca Mountain Project Office 

(YMPO), Las Vegas, Nevada. The work is under the overall 

direction of the Office of Civilian Radioactive Waste Management 

(OCRWM), U.S. Department of Energy Headquarters, Washington, D.C. 

The scope of the report is to present the results of the 

fourth year's work on the atmospheric modeling part of the global 

climate studies task. The development testing of computer models 

and initial results are discussed. The appendices contain 

studies that provide supporting information and guidance to the 

modeling work and further details on computer model development. 

Complete documentation of the models, including user information, 

will be prepared under separate reports and manuals. 

The task work involves the services of two other 

subcontractors: The University of Maine (UM), Orono, Maine 

(global ice sheet modeling), and the Lamont-Doherty Geological 

Observatory (LDGO), Palisades, New York (global climate data base 

development). The studies by UM and LDGO directly support the 

atmospheric modeling effort and are reported separately by the 

respective contractor. 





SUMMARY 

The Applied Research Corporation (ARC) conducted this study 

for the Pacific Northwest Laboratory (PNL). The purpose of the 

study is to make regional forecasts of climate change in order to 

ensure the long-term security of nuclear waste disposal sites. 

In this report we review progress toward implementing a plan 

for making future forecasts. The plan is based on the 

recognition of a need to develop a hierarchical climate modeling 

approach, utilizing both simple and complex models. The plan 

also recognizes that before we can predict future climates with 

confidence, we must demonstrate some skill in predicting past 

climates. 

At the end of Year Four, the following accomplishments can 

be noted as follows: 

modified work plan for Year Four as a result of a 60% 
cutback in budget 

compared the sensitivity of an energy balance model to 
historical temperature fluctuations to determine whether 
the model and observations have the same sensitivity 

developed a new energy balance model in order to examine 
time varying changes in temperature during the next 100 
years 

staff underwent training for the use of new general 
circulation model developed at National Center for 
Atmospheric Research (NCAR) to be used by ARC 

acquired some information on non-PNL funded activities 
that will help strengthen and sharpen the climate plan 
for Yucca Mountain 

completed ~uality Assurance (QA) documentation of 
fourteen software codes, enhanced data base structures, 
and prepared for acquisition and modification of the 
University of Maine ice boundary conditions. 
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JNTRODUCTION 

Applied Research Corporation (ARC) is pleased to submit its 

fourth year report on "Regional Forecasting With Global 

Atmospheric Models", Pacific Northwest Laboratory (PNL) Contract 

No. 017113-A-B1. We have been involved in a number of 

activities, and this overview will summarize our work and include 

selected references to earlier work accomplished during the first 

three years of the project. Detailed technical discussions are 

included as separate appendices. 

Our work has covered six main topics: (1) modification of 

work plan to accommodate budget reductions; (2) comparison of 

energy balance model (EBM) simulation with observations in order 

to determine whether models and observations have the same 

sensitivity; (3) developed a new energy balance model in order to 
examine the time-dependent problem of global warming; ( 4 )  

subjected staff to training session at NCAR for purposes of using 

their general circulation model (GCM); (5) acquired new 

information relevant to strengthening and sharpening the Site 

Characterization Plan for Climate Studies; (6) Completed a 

backlog of QA activities, essentially bringing this element of 

our program up-to-date with existing research activities. Our 

summary will discuss these activities in the same order. 





2.0 J-IODIFICATION OF WORK PLAN 

Although o u r  o r i g i n a l  work p l a n  c a l l e d  f o r  ARC t o  i n i t i a t e  

g e n e r a l  c i r c u l a t i o n  modeling (GCM) a c t i v i t i e s  i n  Year Four of  t h e  

p r o j e c t ,  a n  unexpected budget cutback ( 6 0 % )  g r e a t l y  a f f e c t e d  t h i s  

g o a l  and r e q u i r e d  m o d i f i c a t i o n  of t h e  work p l a n  f o r  Year Four.  

A s  a  r e s u l t  of t h e  cutback,  two employees were r e l e a s e d ,  one was 

c u t  back and s h i f t e d  p r i m a r i l y  t o  a n o t h e r  p r o j e c t ,  and a f o u r t h  

was s h i f t e d  t o  a n o t h e r  p r o j e c t  f o r  p a r t  of  t h e  t i m e .  

Because of t h e s e  r e d u c t i o n s  t h e r e  w e r e  two major  

m o d i f i c a t i o n s  t o  t h e  Year Four work p l a n :  (1) w e  g r e a t l y  

reduced,  t o  t h e  p o i n t  of abandonment, work on t h e  low-reso lu t ion  

GCM because  of  l o s s  of an employee and because  t h e  a d d i t i o n a l  

y e a r ' s  d e l a y  i n  a c t i v i t i e s  would have o t h e r w i s e  caused  t h e  same 

d e l a y  i n  comple t ion  of t h e  o v e r a l l  p r o j e c t ;  ( 2 )  w e  r e s t r i c t e d  our  

a c t i v i t i e s  mainly t o :  ( a )  energy b a l a n c e  model (EBM) comparisons 

w i t h  o b s e r v a t i o n s ,  w i t h  t h e  purpose b e i n g  de te rmin ing  whether t h e  

EBM h a s  t h e  same s e n s i t i v i t y  a s  o b s e r v a t i o n s ;  ( b )  development of  

a new EBM t h a t  a l lows  u s  t o  look a t  t h e  t ime-varying changes i n  

t e m p e r a t u r e  over  t h e  n e x t  100 y e a r s  due t o  greenhouse warming; 

( c )  c a t c h i n g  up on Q u a l i t y  Assurance (QA) u t i l i t i e s .  P o i n t s  ( a ) ,  

( b )  , and (c)  w i l l  be  f u r t h e r  developed i n  S e c t i o n s  3 .0 ,  4 . 0 ,  and 

7 . 0 .  





One of t h e  s t a t e d  purposes  of our  h i e r a r c h i c a l  approach t o  

c l i m a t e  modeling i s  t h a t  EBMs can b e  used t o  scope  o u t  t h e  range  

of p o s s i b l e  t o p i c s  f o r  GCM a c t i v i t i e s .  Although t h e  EBM a g r e e s  

w e l l  w i th  t h e  GCM f o r  "h indcas t "  c l i m a t e  s i m u l a t i o n s  of  t h e  l a s t  

18,000 y e a r s  ( e . g .  F i g u r e  I), t h i s  agreement dqes  n o t  n e c e s s a r i l y  

mean t h a t  e i t h e r  model would a g r e e  wi th  o b s e r v a t i o n s .  

Accordingly,  K.-Y. K i m  and G.  North undertook m o d i f i c a t i o n s  of 

our  EBM t o  g e n e r a t e  r e s u l t s  t h a t  cou ld  b e  compared d i r e c t l y  wi th  

o b s e r v a t i o n s  of  t e m p e r a t u r e  f l u c t u a t i o n  over  p a r t  of  t h e  p r e s e n t  

c e n t u r y .  This  e x e r c i s e  i s  a  more r i g o r o u s  t es t  of  o u r  c o n j e c t u r e  

about  p o s s i b l y  s u b s t i t u t i n g  EBM SST f i e l d s  a s  i n p u t  i n  GCM r u n s .  

The b a s i c  model m o d i f i c a t i o n  invo lved  " s t o c h a s t i c "  o r  n o i s e  

f o r c i n g  of our  p r e v i o u s l y  developed EBM (Hyde e t  a l .  1989) . When 

t h e  model-generated o u t p u t  i s  compared w i t h  o b s e r v a t i o n s ,  which 

i n c l u d e  weather  v a r i a t i o n s  w e  cannot  e x p l i c i t l y  i n c l u d e  i n  t h e  

EBM, t h e n  w e  a r e  a b l e  t o  test  whether t h e  model h a s  t h e  same 

s e n s i t i v i t y  a s  t h e  o b s e r v a t i o n s .  

R e s u l t s  ( F i g u r e s  2 and 3) a r e  ve ry  promising.  I n  t h e  f i rs t  

c a s e  ( F i g u r e  2 )  w e  compared t h e  spectrum of  t h e  model r e sponse  t o  

t h e  observed t e m p e r a t u r e  f l u c t u a t i o n s  of  t h e  l a s t  4 0  y e a r s .  I n  

t h e  second c a s e  ( F i g u r e s  3 and 4)  w e  made a  s p a t i a l  comparison of  

the  model ' s  and o b s e r v a t i o n ' s  r e sponses .  I n  t h i s  l a t t e r  c a s e ,  

t h e r e  a r e  many a r e a s  where t h e  model and o b s e r v a t i o n s  have 

s i m i l a r  s t a t i s t i c s .  A major d i f f e r e n c e  i n v o l v e s  changes i n  

e q u a t o r i a l  P a c i f i c  SSTs (E l  Nino) ,  which t h e  model cannot  be  

expec ted  t o  c a p t u r e  ( F i g u r e  4 ) .  Overa l l ,  however, t h e  comparison 

is  very  f a v o r a b l e  and f u r t h e r  j u s t i f i e s  our  u s e  of  EBMs on t h e  

p r o j e c t  . 
A wri te-up of  t h e  r e s u l t s  h a s  been submi t t ed  t o  t h e  Journal 

of Geophysical Research and i s  reproduced i n  Appendix A. 
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FIGURE. Comparison of  EBM and GCM E s t i m a t e s  o f  Globa l  Annual 
Average Temperature Depar tu res  o v e r  t h e  Ocean f o r  t h e  
P a s t  18,000 Years .  Comparison u s i n g  a )  t h e  p r e s e n t  
v a l u e  of  C02 c o n c e n t r a t i o n  i n  a  l i n e a r  ene rgy  b a l a n c e  
model; and b )  wi th  dec reased  C02 c o n c e n t r a t i o n s  a t  15 
and 18 k y r s  b e f o r e  p r e s e n t  ( k a ) .  Over t h e  open ocean,  
t h e  NCAR-GCM v a l u e s  a r e  t h e  e s t i m a t e s  by CLIMAP 
P r o j e c t  Members (1981) . [From Hyde e t  a l .  19891 



COMPARISON OF SPECTRAL DENSITY FUNCTIONS 
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FIGI,LEE-Z. S p e c t r a l  Densi ty  Funct ions  of  t h e  Global  Average 
Temperatures:  t h i c k  l i n e  - o b s e r v a t i o n  (auto-  
r e g r e s s i v e  f i t t i n g  of o r d e r  5 ) ;  t h i n  l i n e  wi th  c i r c l e  
- l i n e a r  energy ba lance  model response  t o  a n o i s e  
f o r c i n g  whi te  i n  space  and t i m e .  [From Appendix A ]  

One of  t h e  problems t h a t  s t i l l  h a s  t o  be  addressed  i n  GCM 

s t u d i e s  i n v o l v e s  t h e  need t o  use  a mixed-layer  ocean model f o r  

making t h e  proposed e i g h t  runs  w i t h  t h e  NCAR GCM ( s e e  appendix B 

f o r  d e f i n i t i o n  of model terms).  Such an  approach would r e q u i r e  

approximate ly  180 hours of Cray t ime p e r  r u n .  The c o s t s  cou ld  

r a p i d l y  exceed our  a b i l i t y  t o  pay f o r  them. We have t h e r e f o r e  

been e x p l o r i n g  t h e  p o s s i b i l i t y  of  u t i l i z i n g  t h e  EBM t o  g e n e r a t e  

s e a - s u r f a c e  t empera tu res  (SSTs),  which can t h e n  be used a s  i n p u t  

t o  t h e  GCM s o  t h a t  i t  can be run  wi th  f i x e d  ( o r  p r e s c r i b e d )  SSTs. 

Such an approach would g r e a t l y  s h o r t e n  t h e  run  t i m e s .  



DISfRlBVnON OF VARIANCE (2MO - IOYR CYCLES) 
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FIGURR 3. Geography of t h e  Dis t r ibu t ion  of Variance ( O c 2 )  Within 
Frequency Band of Period 2 month - 1 0  year:  a )  
Observations (shaded areas  ind ica te  regions with l e s s  
than 30 years of da ta  a v a i l a b l e ) ;  b) Linear Energy 
Balance Model with a  Noise Forcing white i n  space and 
t ime.  [From Appendix A] 
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EIGURF: 4. Geography of the Distribution of Variance Within 1 - 5 
year Band: a) Observations (shaded areas indicate 
regions.with less than 30 years of data available); b) 
Linear Energy Balance Model with a Noise Forcing white 
in space and time. [From Appendix A] 



Since our earlier work indicated a surprising level of 

fidelity between EBMs and GCMs (Figure 1) we have been encouraged 

to consider using EBMs to help constrain some of the boundary 

conditions for our future GCM runs. In particular, we are 

interested in sea-surface temperatures (SSTs), as it is well 

known that calculation of SSTs in a GCM increases computation 

time (and costs) by an order of magnitude. If we can use an EBM 

to generate SSTs and then run the GCM with these "prescribed" 

SSTs, then we can save greatly on computer costs. 

For our approach to be valid, we not only have to validate 

our EBM against GCMs to test our SST field (Figure I), we also 

have to test them against observations. Our initial testing of 

this hypothesis is illustrated in Figure 5, which compares the 

EBM model generated SST field (from Hyde et al. 1990; see also 

Crowley et al. 1990, Appendix D) with observations of 

latitudinally-averaged SST. Overall, the comparison is quite 

favorable except in August, when the EBM underestimates SSTs in 

the Northern Hemisphere. We conjecture that this effect is due 

to lack of a Gulf Stream in the model. One way we may address 

this problem is to prescribe a heat source in the model to mimic 

a Gulf Stream effect. This approach is also taken by GCM groups, 

who sometimes cannot explicitly incorporate the effects of the 

ocean circulation. Although further testing on this subject is 

warranted, results are sufficiently promising to encourage us to 

consider use of EBMs to stipulate SSTs for future GCM runs. 
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FIGUR'Z 5 .  Comparison of Model-Generated Zonally-Averaged SSTs 
with Observations. These results suggest that EBMs can 
be used to stipulate the SST field in future GCM runs. 





4 . 0  ~ E V E T ~ Q ~ E N T  OF NEW FNERGY F A T & l ~ L  

Because w e  were unable  t o  i n i t i a t e  GCM s t u d i e s  i n  Year Four, 

ARC undertook development of a  new EBM t h a t  would i n v e s t i g a t e  t h e  

t i m e  v a r y i n g  changes i n  f o r c i n g  over  t h e  n e x t  1 0 0  y e a r s .  Th i s  

problem, termed " t r a n s i e n t  C02 fo rc ing"  i n  t h e  l i t e r a t u r e ,  i s  of 

i n t e r e s t  because it examines t h e  nonequ i l ib r ium c l i m a t e  response  
v 

t o  C 0 2  changes (most o t h e r  s i m u l a t i o n s  invo lved  e q u i l i b r i u m  runs  

-- s e e  S c h l e s i n g e r  1988 f o r  a  r e v i e w ) .  I t  i s  of d i r e c t  i n t e r e s t  

t o  Yucca Mountain because  it encompasses t h e  t i m e  i n t e r v a l  o v e r  

which t h e  s i t e  w i l l  be  monitored and n u c l e a r  waste can be 

r e t r i e v e d .  

Although work h a s  s t a r t e d  on coupled ocean-atmosphere GCM 

exper iments  f o r  t h e  t r a n s i e n t  C02 problem ( e . g . ,  Washington and 

Meehl 1989; Manabe e t  a l .  1990; Cubasch e t  a l .  1991) ,  it i s  s t i l l  

of  i n t e r e s t  t o  e x p l o r e  t h e  phenomenon i n  an  EBM f o r  some of t h e  

same reasons  we conducted o t h e r  EBM-GCM comparisons.  I n  o r d e r  t o  

a d d r e s s  t h e  problem o f  t h e  t r a n s i e n t  C02 warming, it i s  n e c e s s a r y  

t o  i n c l u d e  t h e  e f f e c t s  of t h e  deep-ocean c i r c u l a t i o n ,  because 

slow upwel l ing  of  deep waters  r e g u l a t e s  t h e  t i m e  e v o l u t i o n  of 

t e m p e r a t u r e .  Accordingly,  ARC has  u t i l i z e d  some of t h e  s imple  

g lobal -averaged model methods of  H o f f e r t  and Flannery  (1985) and 

Morantine and Watts  (1990) ,  coup l ing  t h e i r  deep-ocean t e rm t o  t h e  

two-dimensional EBM p r e v i o u s l y  developed under t h e  PNL c o n t r a c t  

(Hyde e t  a l .  1 9 8 9 ) .  

A t  p r e s e n t  w e  a r e  s t i l l  i n  t h e  t e s t i n g  s t a g e  f o r  t h e  model 

and have no r e p o r t a b l e  r e s u l t s .  However, i n  t h e  f u t u r e  w e  hope 

t o  conduct  some comparisons wi th  t h e  Hamburg coupled ocean- 

atmosphere model s i m u l a t i o n  (Cubasch e t  a l .  1 9 9 1 ) .  The l a t e r  

model, developed a t  t h e  Max Planck I n s t i t u t e  (MPI), may a l s o  

prove  u s e f u l  i n  more s h a r p l y  framing o u r  a t t a c k  on one of  t h e  

more d i f f i c u l t  problems of our  f o r e c a s t  exper iments  (see Sec t ion  

6 . 0 ) .  





EMPJIOYEE TRAINING ON THE NEW NCAR GCM 

Although w e  were n o t  a b l e  t o  conduct any GCM s i m u l a t i o n s ,  

ARC took  t h e  s t e p  of  p r e p a r i n g  f o r  t h a t  e v e n t u a l i t y  i n  Year F i v e  

of o u r  p r o j e c t  by e n s u r i n g  t h a t  r e l e v a n t  employees r e c e i v e d  

t r a i n i n g  on t h e  new v e r s i o n  of t h e  NCAR GCM developed by S. 

Thompson (and t o  be used  by them on t h e  Yucca Mtn. p r o j e c t  under  

s e p a r a t e  funding by Sandia  N a t i o n a l  L a b o r a t o r y ) .  W e  have t a k e n  

two s t e p s  i n  t h a t  d i r e c t i o n .  Via remote a c c e s s  t o  NCAR w e  have 

been t r a i n i n g  an  employee on t e s t i n g  of one of  t h e i r  model 

v e r s i o n s  (termed CCM1) i n  o r d e r  t o  f a m i l i a r i z e  o u r s e l v e s  w i t h  a 

GCM. I n  June 1991, t h r e e  ARC employees a l s o  s p e n t  t h r e e  days  a t  

NCAR i n  o r d e r  t o  l e a r n  d e t a i l s  of t h e  models and how t o  run it.  

The t r i p  was v e r y  s u c c e s s f u l .  We a r e  now i n  e l e c t r o n i c  

communication w i t h  them and hope t o  conduct some p r e l i m i n a r y  

t e s t i n g  f o r  t h e  PNL p r o j e c t  i n  t h e  n e x t  f e w  months. 





6.0 ADDITIONAL PROGRESS RET8EVANT TO REFINING IMPJIEWNTATION 

OF THE SITE CHARACTRRIZATION PLAN FOR CLIMATE STUDIES 

There were several developments on non-PNL funded activities 

that are relevant to implementation of the Site Characterization 

Plan. T. Crowley attended a NATO paleoclimate modeling workshop 

(May 1991) in France, in which a number of different modeling 

groups agreed to an intercomparison of model runs for 6000 BP and 

18,000 BP: Such intercomparisons enable modelers to test the 

robustness of their model runs, and are defensible in terms of 

the Site Characterization Plan because it provides an objective 

measure as to whether simulations from one model would be 

representative of climate models as a whole. Furthermore, it was 

agreed that some modification of observational boundary 

conditions were required before initiating the intercomparison. 

This information is valuable for Yucca Mtn. because it may allow 

for a more accurate simulation of past precipitation variations 

at Yucca Mtn. T. Crowley will hopefully attend a workshop at 

which some of the ground rules for the intercomparison will take 

place, and he also plans to track development of the new data set 

for initiating model runs. This information will be useful for 

S. Thompson of NCAR in their validation of their mesoscale model 

(MM4) run for 18,000 BP. Thompson has also agreed to participate 

in the intercomparison. The net effect of these efforts is that 

the Site Characterization Plan will be more defensible in terms 

of choice of the NCAR GENESIS model and accuracy of our 

simulation of past climates at Yucca Mtn. 

A further development relevant to the Site Characterization 

Plan occurred on T. Crowley's follow-up visit to the Max Planck 

Institute (MPI) fiir Meteorologic in Hamburg, Germany. Although 

this visit was funded by the institute, Crowley learned while 

there of an important new series of greenhouse simulations that 

will in fact be relevant to the Site Characterization Plan. 

These simulations involved a fully three dimensional coupled 

ocean-atmosphere GCM, focused on time-varying forcing of C02, and 



utilized over 3000 hours of time on the Hamburg Cray2 computer. 

The model results showed variations of the thermohaline 

circulation in the North Atlantic that has previously been noted 

in a letter by G. Kukla and identified as a scenario simulation 

in a draft of the Site Characterization Plan. At the time the 

draft was written, it was thought that it would not be possible 

to either simulate or acquire simulations of time-dependent model 

runs that might actually address this problem. Now, however, 

through Crowleyls serendipitous affiliation with MPI, it seems 

that it may be possible to acquire the model output from these 

runs that are relevant to Yucca Mtn. After discussion with S. 

Thompson, it may even be possible to acquire the regional scale 

output of the Hamburg model run as input for the MM4. This 

possibility addresses a major difficulty we had in implementation 

of the Site Characterization Plan and further strengthens the 

overall integrity of the Site Characterization Plan. Crowley 

will track future developments on this matter. 



7.0  W C  OUATIITY ASSURANCE P R O G W  

INTRODUCTION 

A c t i v i t y  of t h e  ARC Q u a l i t y  Assurance (QA) Program was 

reduced i n  Year Four, i n  concer t  wi th  t e c h n i c a l  a c t i v i t i e s  

reduc t ion ,  due t o  t h e  PNL stop-work o rde r  of October 1 9 9 0  and 

subsequent  budgetary  r educ t i ons .  Desp i te  slow-down of  t e c h n i c a l  

a c t i v i t y  f o r  a  good p o r t i o n  of  t h e  year ,  some QA Admin is t ra t ive  

a c t i v i t i e s  were mainta ined throughout,  and Software a c t i v i t y  was 

n o t  i nconsequen t i a l .  I n  t h i s  s e c t i o n ,  w e  provide  a  b r i e f  summary 

of Year Three a c t i v i t i e s  and then  p r e s e n t  our  Year Four 

a c t i v i t i e s  i n  g r e a t e r  d e t a i l .  

7 .2  YEAR THREE REVIEW 

Year Three saw t h e  conclus ion of development and t e s t i n g  of 

t h e  Energy Balance Models (EBMs), whi le  some s i g n i f i c a n t  

d i a g n o s t i c  r o u t i n e s  were produced t h a t  w i l l  be used throughout  

t h e  remainder of  t h e  p r o j e c t .  Eight  codes were developed, 

t e s t e d ,  and implemented f o r  p r o j e c t  goa l s ,  i nc lud ing  one new EBM 

model and two d i a g n o s t i c  programs. Data base  a c t i v i t y  expanded 

t o  encompass management of some 460  d a t a  sets. 

Admin is t ra t ive  QA a c t i v i t i e s  inc luded  t r a i n i n g  a  new 

s c i e n t i s t  and a QA a s s i s t a n t ,  conducting scheduled I n t e r n a l  

S u r v e i l l a n c e s ,  and h o s t i n g  one PNL a u d i t .  

7 . 3  YEAR FOUR ANNUAI', SUMMARY 

QA Procedure  Documentation f o r  1 4  so f tware  programs and 7 

so f tware  a p p l i c a t i o n  packages were completed t h i s  yea r .  The 

magnitude of t h e  work is  no t  i n s u b s t a n t i a l ,  r e p r e s e n t i n g  about  

1550 pages of p rocedura l  documentation and suppo r t i ve  r e s u l t s .  

Th i r t e en  a d d i t i o n a l  programs were acqu i red  from ano the r  ARC 



project to provide the results presented in Appendix A. Some of 

the newer software programs with documentation completed this 

year are listed in Table B.1. The following is a brief 

description. 

Program SREAD converts the area of snow covered land and ice 

covered ocean from fraction of global area to lo6 square 

kilometers for the Northern and Southern Hemispheres in each of 

two seasons (postprocessed NEQMOD model output). The program 

was used extensively in the NEQMOD C02 simulations of Appendix D, 

Third Year Annual Report. 

Program MILANK produces the orbital parameters of the Earth) 

to be input as boundary conditions to certain global climate 

modeling programs, including the EBMs LINEBM and NEQMOD. MILANK 

computes the three Earth orbital parameters obliquity, 

eccentricity, and angle of Winter Solstice from Perihelion based 

on a coding of the formulations in Berger (1978). The program 

can produce these parameters for a user-specified year in the 

past or future, or a time series of these parameters to a 

specified year into the past or future, with any given time 

interval. The program was used to produce a single set of 

parameters for the 128 kyr LINEBM paleosimulation discussed in 

Appendix I and the 309 kyr time series paleosimulations in 
Appendix C of the Third Year Annual Report. 

Program YUCCA is an interpolation routine specifically 

designed to extract a time series of Yucca Mtn. temperatures from 

the LINEBM 309 kyr time series paleosimulations of Appendix C in 

the Third Year Annual Report. The program makes use of a 

polynomial interpolation method suitable to the well-behaved 

temperature gradients generated by LINEBM. 

Program ICEMAP was developed to interpolate the University 

of Maine (UM) group ice sheet model results (see below) to the 

grid resolutions of our EBMs and the GCMs likely to be 

encountered in the remainder of the project. The code uses a 



TARTIE 7 . 1 .  QA-Processed Codes f o r  Year Four 

Code/Version Classification Function 

SREAD/l. 0 Scientific 

Scientific 

Scientific 

ICEMAP/l. 0 Scientific 

Stuff Itm/l .6 System 

Compact Prom/l .30 System 

KaleidaGraphm/2. 1 System 

Convert NEQMOD snow/ice 
areas from global fraction 
to lo6 sq. kilometers. 
Compute time series of 
earth orbital parameters. 
Interpolate from LINEBM 
output temperature field 
to a point near Yucca Mtn. 
Interpolate UM ice sheet 
model output to various 
possible EBM and GCM 
grids. 
File compression and 
archival. 
File compression and 
archival. 
Graphic data plotting 
(update of version 2.0). 

2-dimensional l i n e a r  in te rpo la t ion  method appropriate  t o  the  

ragged gradients  of t h e  UM i c e  sheet height  f i e l d s .  The program 

may be used t o  in te rpo la te  UM i c e  sheet model r e s u l t s ,  both 

hindcasts  and fo recas t s ,  t o  t h e  appropriate  GCM g r i d  resolu t ions  

should pro jec t  plans require  those f i e l d s  a s  input boundary 

condi t ions supporting GCM experiments. 

Two f i l e  compression u t i l i t i e s  f o r  t h e  ~ ~ ~ l e ~  Macintoshm 

were acquired f o r  use w i t h  Data Base Management ( see  below). 

They a r e  considered System software and use i s  not documented 

s ince  execution does not produce reported r e s u l t s .  The primary 

c a p a b i l i t y  of t h e  programs, and t h e i r  p r i n c i p l e  purpose t o  the  

p ro jec t ,  i s  reduction of required backup d isk  space (of ten  by as  

much as  5 0 % ) .  Also, we acquired an update of t h e  commercial 

graphic da ta  p l o t t i n g  and ana lys i s  software KaleidaGraphm f o r  the  

Macintoshm. 



ARC abandoned t h e  p r o j e c t  of improvement of t h e  a c q u i r e d  

Low-Resolution Genera l  C i r c u l a t i o n  Model (LRM) of  B e t t e  Ot to-  

B l i e s n e r  th rough  i n c o r p o r a t i o n  of  t h e  NCAR CCMl (Community 

Cl imate  Model, v e r s .  1) c l o u d  and r a d i a t i o n  r o u t i n e s  a f t e r  budget  

c u t b a c k s  e l i m i n a t e d  key p e r s o n n e l .  Consequently,  QA a c t i v i t i e s  

on t h e  improvements w e r e  r e t i r e d  t h i s  y e a r .  However, t h e  LRM i n  

a c q u i r e d  form i s  under c o n f i g u r a t i o n  c o n t r o l  and a v a i l a b l e  f o r  

f u t u r e  exper iments .  

naaement 

Due t o  budgetary  r e s t r i c t i o n s  e a r l i e r  i n  t h e  y e a r ,  t h e  QA 

A s s i s t a n t  had t o  be  r e l e a s e d .  Consequently,  s t a f f  QA 

r e s p o n s i b i l i t i e s  have f a l l e n  back t o  t h e  s t a t u s  p r i o r  t o  t h e  

t h i r d  c o n t r a c t  y e a r ,  and t h e  QA Manager h a s  resumed t h e  p o s t  of 

Data Base Steward.  Much of  t h e  t i m e  a s s o c i a t e d  w i t h  Stop-Work 

and r e s t r i c t e d  budget  was s p e n t  on Data Base bookkeeping chores ,  

i n c l u d i n g  some r e o r g a n i z a t i o n  of  t h e  p r o j e c t  Data Base f o r  

g r e a t e r  e f f i c i e n c y  of management, a c c e s s ,  and recovery .  

S e l e c t  s o f t w a r e  a p p l i c a t i o n  o u t p u t ,  such a s  t h e  o u t p u t  from 

EBM s i m u l a t i o n s  and d i a g n o s t i c  p r o c e s s i n g ,  a r e  b e i n g  c o n s o l i d a t e d  

i n t o  a n  A p p l i c a t i o n  Archive f o r  more convenient  management and 

a c c e s s  f o r  f u t u r e  work. The c o l l e c t i o n  can e a s i l y  consume l a r g e  

amounts of  d a t a  space ,  s o  t h e  d a t a  a r e  b e i n g  compressed by one of  

t h e  a c q u i r e d  system f i l e  compression r o u t i n e s .  

Year Four d a t a  a c q u i s i t i o n s  i n c l u d e d  a g l o b a l  s u r f a c e  

t e m p e r a t u r e  o b s e r v a t i o n s  d a t a  set from NCAR f o r  t h e  Appendix A 

work. A d d i t i o n a l l y ,  ARC a c q u i r e d  t h e  UM i c e  s h e e t  model 

r e c o n s t r u c t i o n  o f  ice age  g l a c i a t i o n s  o v e r  t h e  Nor thern  

Hemisphere d u r i n g  t h e  Las t  G l a c i a l  Maximum (18,000 y r s .  b e f o r e  

p r e s e n t )  . 



r a t j  ve A c t i v i t i e s  

Three s e n i o r  s t a f f  members a t t ended  t r a i n i n g  a t  NCAR f o r  

programmers working wi th  t h e  NCAR GENESIS g l o b a l  c l ima te  model. 

The workshop a t t endance  se rved  a s  a r equ i r ed  QA t e c h n i c a l  

p r o f i c i e n c y  update  on modeling a c t i v i t i e s  f o r  t h e  p r o j e c t  n e a r  

f u t u r e .  

QA Program reviews included r e g u l a r l y  scheduled I n t e r n a l  

Su rve i l l ances ,  Admin is t ra t ive  reviews, and a PNL Audi t .  I n t e r n a l  

S u r v e i l l a n c e s  f o r  t h e  most p a r t  have i d e n t i f i e d  backlogged 

chores ,  wi th  r e s o l u t i o n s  t h a t  implement a catch-up a t  t h e  t i m e  of 

s u r v e i l l a n c e .  The i t e m s  have no t  impacted r e p o r t e d  r e s u l t s .  A 

f e w  f i n d i n g s  i d e n t i f y  need f o r  procedure r e v i s i o n ,  which have 

been postponed a s  described l a t e r .  The PNL a u d i t  t h i s  yea r  

i d e n t i f i e d  some minor f i n d i n g s  which a r e  t o  be c o r r e c t e d  s u b j e c t  

t o  PNL approval ,  bu t  t h e  f i n d i n g s  do no t  impact p r o j e c t  r e p o r t e d  

r e s u l t s .  

I n t e r n a l  reviews of t h e  QA Program have, over  time, r evea l ed  

some need f o r  select QA Procedure r e v i s i o n s .  Some of t h e  

r e v i s i o n s  a r e  minor, o r  cosmetic,  and some a r e  of  more 

consequence. However, under adv ise  from PNL, most ARC QA 

Procedure r e v i s i o n s  have been pu t  on ho ld  i n  a n t i c i p a t i o n  of 

p o s s i b l e  review and changes of t h e  PNL QA Program, which might 

r e q u i r e  changes i n  subcont rac t  QA Programs such a s  t h i s  one. 

One o f  t h e  t o p i c s  scheduled f o r  r e v i s i o n  i n  t h e  ARC Program 

concerns so f twa re  v e r i f i c a t i o n  requirements of ve ry  l a r g e  and 

complex codes such a s  t h e  GCMs of upcoming p r o j e c t  work. Our 

c u r r e n t  p rocedures  r e q u i r e  test  e x e r c i s e s  which v e r i f y  c o r r e c t  

coding and execu t ion  of  t h e  in tended  numerical  des ign  by way of 

comparison of r e s u l t s  wi th  hand c a l c u l a t i o n s ,  a n a l y t i c  a n a l y s i s ,  

o r  wi th  r e s u l t s  of a program prev ious ly  v e r i f i e d  under t h e  same 

procedures .  With t h e  models genera ted  by t h i s  p r o j e c t ,  t h e  

requirements  could  be planned and executed throughout t h e  complex 

code development p roces s .  But t h e  procedure p r e s e n t s  some 

s p e c i a l  problems f o r  a cqu i r ed  (developed by o t h e r s )  GCM work: t h e  



verification process for 20,000-line atmospheric model code is 

viewed by ARC as prohibitively expensive and certainly not within 

the scope of current or future budgets. 

Among the proposed solutions under consideration is a 

revision of procedure to allow a validation experiment to stand 

in place of verification exercises for such large codes, 

specifically those that are not developed by ARC. Another method 

would not rely on procedure revisions, but instead would involve 

software plans that intentionally deviate from present procedure 

requirements, such as specifying validation in place of 

verification. Then we would document the deviation from 

established procedure in a Deficiency Report, wherein resolution 

(acceptance of the deviation) approval must come from the project 

PI and PNL. If we anticipate such verification problems with 

only a limited number (say, two at most) of GCMs, the later 

solution has simplification in its favor. A decision on how to 

proceed will be implemented in Year Five pending the status of 

the PNL QA Program. 
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ABSTRACT 

This paper considers the geographical distribution of various second moment statis- 

tics from a noise-forced energy balance climate model and compares them to the same 

fields derived from a forty year data set. The variable considered is the surface temper- 

ature field over the real globe. The energy balance model is a standardized one used in 

several previous studies which emphasized the geographical distribution of the seasonal 

cycle. It treats two dimensional geography explicitly by using a different (uniform) 

heat capacity over ocean than over land. The study compares the (spatially atered or 

'smoothed') point variance data with those generated by the model in low, medium and 

high frequency bands. The study also examines the correlation of surface temperature 

fluctuations at 6 representative test points with those of neighboring points. The only 

adjustable parameter in the study is the strength of the noise forcing. The intercom- 

parisons show that the model produces maps that look remarkably close to those from 

the data without too much sensitivity to the form of the driving noise. 



1. Introduction 

Variability of the surface temperature field is of extreme importance for many 

reasons. First, we are concerned about the geographical distribution of variance in 

different frequency bands because we need to be prepared for such variability and we 

need to understand,when an encountered variability is "natural" as opposed to being 

forced by an external agent. A second reason for studying Msiance (or in general any 

second moment quantity of the climate system) in different frequency bands is that 

it provides an important test of our climate models beyond the usual pedestrian tests 

such as the geographical distributions of selected monthly averaged snapshots or annual 

meass. A review of how well three general circulation models compute variances for 

several regions in the United States has recently been given by Meanu et al. [1990]. 

A final reason for studying second moments in various frequency bands is that their 

characteristics might provide a clue as to the ability of models to predict the correct 

sensitivity of climate to small externally imposed forcings. This latter is part of a 

program proposed by Leith [I9751 and tried in some limited tests by Bell [1980, 19851 

and discussed in the review by North et al. [I9811 in connection with noise driven 

energy balance models (EBMs). In this paper we examine a forty year data set of 

monthly averaged surface temperature data and attempt to model it with a simple 

stochastic climate model. As will be revealed the attempt is remarkably successful 

leading to the likelihood that the model will provide a useful framework for a number 

of future applications. 

Stochastic forcing of energy balance models was suggested many years ago by Hm- 

selmann [I9771 but he emphasized mainly the slowly responding ocean surface temper- 

ature as the computed variable. Lemke [I9791 used the idea to explore the spectrum for 

low frequencies with Budyko 's model [1969]. Some early numerical experiments with 

a noise forced energy balance model were conducted by Robock [1978]. North et al. 

[I9811 introduced noise forcing into simple energy balance models with horizontal heat 



diffusion. A number of interesting studies have appeared at the global average level 

where the multiple solution structure and stochastically induced transitions were the 

main focus [e.g., Benzi et d., 19821. Most of these studies did not consider that the 

models could be used in more than a schematic sense. Norfh and Cahalan [I9821 solved 

and studied the analytical solutions of a noise forced diffusive model on a uniform 

planet. The surface temperature T(i, t), (P is a unit vector pointing fiom the center 

of the earth to a point on the surface and t is time), satisfied the noise forced damped 

diffusive equation 

where C is a uniform heat capacity per unit area of surface, B is a radiative damping 

codcient and D is a thermal diffusion codcient; F = F(F, t) is a stochastic function 

which is white in time and whose statistics are rotationally invariant on the sphere 

(F(i ,  t)F(P ', t')) = U$~(P.  P ')6(t - t') 

where (-) denotes ensemble averaging and p is the spatial autocorrelation function which 

depends on the great circle distance or opening angle 8 = arccos(l.. P I), separating the 

two points; a$ is the total variance of the forcing noise F at a point (this may in 

general be divergent for white or blue spatial noise but can be rendered finite by use 

of a cutoff in the spectrum of F). 6(-) is the Dirac delta function. 

By using the spherical harmonics as a basis set, it was found that each mode was 

dynamically as well as statistically uncoupled, since the spherical harmonics are the 

eigenfunctions of V2 as well as the Karhunen-Loeve functions for stochastic fields that 

are statistically rotationally invariant on the sphere. Each mode had an autocorrelation 

time 

with TO = C/B, and n is the spherical harmonic degree. This solvable model was used 

by North and Cahalan [I9821 to investigate the limit of predictability in such stochastic 



systems. Later the same system was used by hung and North [I9901 to investigate the 

use of information theory to ch-terize the decay of information over time following 

precise knowledge of an initial state. In each of the above cases the noise forced model 

was used only as a mathematically convenient example, since clearly the fluctuations 

on planet earth are not statistically rotationally invariant on the sphere and the case 

for linear diffusive heat transport is not compelling. 

Two recent studies have suggested that the noise forced EBM may be a useful 

model for actual quantitative studies with the real atmospheric system. Leung and 

North [I9911 have shown that the noise forced EBM can be used to fit the surface 

temperature fluctuation data from a long GCM run of the atmosphere of an all land 

planet with no topography or seasons and no zonal symmetry breaking features. That 

the diffusion and heat capacity parameters, D and C, estimated from the objective 

fitting procedure were very close to the values found in fitting observed data for the 

seasonal cycle of the planet with geography [North et al., 1983; Hyde e t  al., 19891 gave 

reason to believe that the model is able to generate reasonable correlation stmctures 

in space and time and that these are brought about by the same diffusion and heat 

capacity parameters needed to fit the earth's forced seasonal cycle. A second study 

using the same general circulation model (the CCMO) [North et  al., 19911 reinforced 

the finding by showing that the ensemble average of the GCM surface temperature 

when forced responded in an essentially linear manner. 

In this paper we examine natural fluctuations of the surface temperature using 

forty years (1940-1980) of monthly averaged data (the United Kingdom data stored 

in the NCAR archives; we converted it from a 72 x36 grid to a spherical harmonic 

expansion truncated triangularly at degree 11). We looked at several measures of the 

fluctuations: 1) The temporal spectrum of the global average variations. 2) Maps of 

the variance contained in three interesting frequency bands. 3) The spatial correlations 

of the temperature field at selected test points with that of neighboring points so that 
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correlation contours could be constructed around the test points. These latter were 

also examined separately for fluctuations contained in the same interesting frequency 

bands. Next we used the EBM studied and standardized by Norfh et a1. [I9831 without 

change of any parameters and forced it with white noise in both space and time. The 

only new parameter introduced was the overall strength of the noise forcing. 

After a mathematical introduction to the techniques employed, we present the 

results mostly in the form of maps that are easily interpreted. 

2. Model and Procedures 

The linear energy balance equation [North et al., 1983; Hyde et al., 19891 is given 

by 

mi, t) 
c ( i )  i- A + BT(f, t) - . (D(z)VT(i, t)) = Q So(i, t)a(i) + F(i ,  t), (1) 

where i = (8,+) is a point on the Earth's surface; x = sin 8 is the sine of latitude; C(f) 

is the local heat capacity per unit area [it takes on different constant values for ocean, 

land and perennial sea ice]; D(x) = DO (1 + Dz z2 + D4x4) is the local diffusion co&Cient 

[Do/(Bg)  is dimensionless; &=earth radius]; T(i,t)  is the temperature field to be 

solved for; So(?, t ) is the normalized distribution of seasonal radiation reaching the top 

of the atmosphere; Q is the solar constant divided by 4; a(i) is the coalbedo; F( i , t )  

is the noise forcing function; A and B are the parameters of the best linear fit for the 

infrared emission to space. Values of the parameters used in this study are presented 

in Table 1. Since (1) is linear, the anomaly of the response T' = T - To due to the 

noise forcing F is governed by 

aTt(i, t) 
c ( i )  at + BT1(i, t) - V . (D(x)VT1(i, t)) = F(i, t) 

where To(f, t )  is the ensemble averaged seasonal cycle. The details about the noise 

forcing will be discussed later. For the sake of convenience, we will drop the prime for 
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T. We may expand the space dependent functions into spherical harmonics (complex 

valued, orthonormal, Ar fken ,  1985): 

Table 1: Model Parameters 

After multiplying by Yi to project the (p, q) component and using a summation 

convention on the repeated indices we find 

Reference 

North et  al. [I9831 

North et  al. [I9831 

North et  al. [I9831 

North et al. [I9831 

North et  al. [I9831 

North et  al. [I9831 

North et  al. [I9831 

present study 

Symbol 

B 

Cw/B 

CI 

CL 

Do /B 

D2 

0 4  

JWL, 12)  

Value 

2.094 W/m2/"C 

4.6 yrs; Ocean heat capacity/area 

Cw/6.5; Sea-ice heat capacity/area 

Cw/60; Land heat capacity/area 

0.39 m 

- 1.33 

0.67 

1-00 (w/rnz) yr 



where the integration is over the whole globe. In the last equation and in what follows 

we adopt a summation convention which implies triangular truncation at a specified 

L I degree L: ClrO Cm=- l ( - ) lm .  Summation will always be implied when indices are 

repeated unless explicitly indicated otherwise. 

Since (2) is linear with time independent eoeffcients, ( 4 )  is separable for each 

frequency f .  For each f ,  ( 4 )  may be rewritten schematically as 

where ~f is the coefficient matrix, Tf is the temperature response vector, and ~f is 

the forcing vector, all depending on the frequency f .  

Using (3) and (S), the time series of the temperature response is given by 

1 ~ l , ~ ( i ) ~ ~ " f '  dt = / T/Y,(i)e2"f' di = / ~ j ~ ! Y , ( i ) e ~ " f '  11 I dt, (6) 

where B = A-', and i = i(1,m) and j  = j ( l ' ,mf) are one-to-one functions of order 

I and rank m. The Msiaace of the temperature response contained in the frequency 

band A f then is 

( T  t ) )  = ( T{X (t)e21if'  df (llEAf ~ ; ' % ( t ) e ~ ~ ~ ~ ' '  df') *) 
f € A f  

( ( T / ) ( T ~ ' ) * )  x(i)y(i) e2"'(f - f l ) '  d j  df' 

where ' denotes complex conjugation. Because the time series are stationary we have 

s;(f )b(f - f' ,  = ((T!)(T:')*) 

where ~ : ( f )  is the cross-spectral density of T between the spatial components i and j 

at fi-equency f .  Note that from (6) it follows that 



where SL(f) is the cross-spectral density of the forcing noise. The last property holds 

only if the driving noise is rotationally invariant on the sphere. We will make this 

simplifying assumption throughout what follows. The point variance of F(f ,  t )  may be 

writ ten explicitly 

where in the last step ( ~ ~ f _ l ~ )  is eonsidered to be constant. Note that f. and L are 

cutoffs in the otherwise flat noise spectrum. The scale of the components d(~~f, 12)  

required to fit the temperature variance data (Table 1) is - 1.00 (W/m2) yr. 

Finally, we may write the variance of the surface temperature in the frequency 

band A f as 

where we have defined a covariance matrix of the response field 

From (6), the covariance in the frequency band Af between the fluctuations at two 

separated points tl and i2 can be written as 

The spatial correlation coefficient, then, is given by 



Similarly, the temporal covariance with a lag At is dehed by 

and hence the temporal correlation is d&ed by 

Corr(T(f, t ) ,  T(f, t + At))A = Ibv(T(t ,  t), T(f, t + At)), ( 
Var(T(f, t))a f 

The actual computation of the covariance matrix, (7), is carried out for a series 

of discrete frequencies in the band A f with the integrations approximated by the 

Trapezoidal rule. It was found that the covariance matrix is a very smooth function 

of the frequency. Less than 25 harmonics were sufficient to accurately describe the 

response characteristics in the 1 month - 10 year band. 

For comparisons, similar statistics were computed for the observational data. It 

was assumed that the observational data consist mainly of the response to the annual 

insolation forcing and partly to the noise response due to dynamic instabilities, changing 

boundary conditions, etc. The response to the annual forcing was crudely removed by 

subtracting monthly means from their respective months. In other words, an annual 

cycle and its harmonics were removed. The data set consists of forty years of monthly 

averaged observations on a 72 x 36 uniform grid with virtually no preprocessing obtained 

from the NCAR archives. For a consistent comparison with the EBM, the observational 

data were smoothed to the same level via an order 11 triangular truncation employing a 

spherical harmonic basis set. Note also that the observational data set is not really long 

enough for true ensemble averages of the desired statistics. For the present purposes 

we assumed the raw statistics to be not very different from their ensemble averages. 
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The Fourier expansion co&cients ~f of the observational data were obtained by 

performing a Fourier transformation in time: 

00 

Tf (F) = I_  ~ ( i ,  t)c-2-ft dt. 

The power spectral density function at a s p d c  point f is a plot of ITf (f) l2 vs. f with 

a proper normalization factor. The normalization factor is such that the area under 

the spectral curve becomes the total variance. All other computations with the data 

were with standard techniques [Newton, 1988). 

3. Results and Discussion 

Given a forcing spectrum, sF(f),  the linear energy balance model (2) can be solved 

for the covariance matrices defined in (7) for a selected frequency f. Fkom the covariance 

matrices, various response characteristics of the linear EBM can be derived - variance 

distribution in space and time, correlation time scale, spatial scale of correlation, etc. 

The single adjustable parameter in the study is the amplitude of the noise forcing 

~ ( I F A  12) = AF; - fc 5 f < fc. We adjusted this amplitude until the point (smeared 

by our spatial filter, of course) temperature variance was approximately in agreement 

with that of the correspondingly filtered data (cf., Table 1). We chose a point in Middle 

Asia for the matching since that is the location of largest variance in both model and 

data in all frequency bands. After this calibration has been accomplished once and for 

all, we need only examine the results. 

a. Spectrum of the global response 

Figure 1 compares the spectral density of the global-average temperature of the 

observations and those of the energy balance model. Because the response spectrum 

of the observations based on the only one 40 year realization was rather ragged, an 

auto-regressive fitting of order 5 was plotted instead [Newton, 19881. The best order 



for auto-regressive fitting was determined by the CAT (criterion autoregressive t r a d e r  

function) criterion [cf., Newton, 19881. Both the observational and model spectra are 

slightly red as expected. We find this fit to be even better than we would have expected, 

but note the departure at very low frequencies (< 1 /(5 yrs)). The data indicate less 

variance for multiyear periods than the model. This is most likely due to our omission 

of the deep ocean. We intend to address this issue of deep ocean contributions to the 

surface vasiablility in a future paper. 

b. Variance drjtributioru 

Figures 2-4 are the contour maps of the variance of the observed temperature 

and of the response of the linear EBM. The resemblance between the geography of the 

land and the ocean and the distribution of variance contained in the frequency band 

A f = { f : O.l/yr < f 5 6/yr), is very remarkable both in the observations and in 

the model. Agreement between the observations and the model is also apparent in the 

variance contained in the 2 month - 1 year period band. We have shaded areas on the 

maps where data is insficient to compute the variance (see each figure caption). The 

lack of consistency over Antarctica may be due to topographical influences not in the 

model and/or the sparcity of data over the area. 

A rough idea of the sampling error can be obtained assuming the statisitics are 

Gaussian. Since the autocorrelation time over Middle Asia is about a month (see later 

discussion) and we are considering 480 months of data, we might consider that there 

are roughly 240 independent samples or degrees of freedom. Such a sum of squared 

Gaussian variates is distributed as a XZ Msiate with 240 degrees of freedom. The 

standard error for the variance is 2 0 $ / m ,  which is only of order of 12 percent of 

the temperature Msiance itself. For the present purposes this is considered s&ciently 

accurate. Over oceans the standard error for the temperature variance are of course 

much larger because of the longer autocorrelation times (cf., Fig. 7). 



Although the geographic pattern of the variance in the 1 - 5 year band (Fig. 4) 

is similar to that in Fig. 3, there is one major difference, i.e., the large variance at 

the eastern equatorial Pacific in the observation data. This pattern of variability is 

clearly associated with El Niiio. Since the simple EBM does not include this effect, 

the discrepancy is to be expected. On the other hand, we learn that the effect of El 

Niiio constitutes virtually all of the unexplained va;riance of surface temperature for 

time scales greater than a year. 

As the temporal scale becomes larger, the distinction between the land and the 

ocean becomes weaker. Model variance in lower frequency bands becomes more uniform 

(not shown) exhibiting less distortion due to the size and placement of the land masses. 

The variance within the same band in the observations shows slightly more dependence 

on the geography of the land masses than does the model at low frequencies. Treatment 

of the lower frequencies will require inclusion of deep ocean effects in the noise forced 

model. 

c. Spatial comdation 

Figures 5 and 6 are the maps of the spatial correlation at selected test points. 

The heavy contours represent the l / e  value of the correlation for reference. Before 

the details, some of the general patterns of the spatial correlation are summarized in 

the following: i) The spatial correlation scale of the interannual variability is in the 

range of 1500-2000 km. This is consistent with the EBM low frequency diffusive length 

scale d m  [cf.  North, 1984; Bansen and Lebedeff, 1987; North et ol., 19911. The 

corresponding length scale is shorter for higher frequency temporal fluctuations [North 

et al., 1983bI. ii) The spatial correlation length scale is larger over the land than over 

the ocean. A comparison of the spatial correlation functions of the observations shows 

that the correlation length scale over large continental interiors is larger than that over 

the ocean. This is because the very definition of high versus low frequency depends on 



the relevant relaxation time of the surface medium. It is about one month over land and 

about 5 years over the open ocean. Note also that at (120°W, 40°N), a coastal point, 

the correlation length scale is longer toward the continent than toward the ocean. iii) 

As shown in Figs. 5 and 6, the spatial correlation length scale increases upon averaging 

the field over longer times. In the model this simply expresses the lengthening of the 

length s d e  toward its low frequency limit dw. Note that a similar dependency is 

apparent in the data except for the obvious interference by El Nifio. 

A comparison of the observations and model in their spatial correlations of the 

intra-annual variability (Fig. 5) is quite favorable. Over the land, the model spatial 

correlation scale with the white noise forcing is quite comparable to that of the ob- 

servations. Bear in mind that the model ocean is mixed instantaneously from the top 

to the bottom of the mixed layer. In other words, the model correlation scale is for 

the entire column of the mixed layer, while that of the observations is for the surface 

temperature field. 

A large discrepancy in the spatial correlation of the 1 year to 10 year variability 

is found over the eastern equatorial Pacific. As alluded to earlier, this large spatial 

correlation is surely tied to El Niiio. As the temporal scale becomes larger, the spatial 

correlation scale of the observed temperature field becomes larger but highly anisotrop- 

ically. As mentioned above, the model correlation scale over the ocean is for the entire 

column of the mixed layer while that for the observation is for the surface temperature 

field. 

d.  Temporal comelation 

Temporal correlation is another measure of the sensitivity of a model as well as an 

important consideration for sampling. Figure 7 shows the contour plots of the relaxation 

time for the observation and the model. A spatial moving average (50" x 25" box) was 

passed over the resulting map to remove noisy fine structure and to facilitate visual 
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interpretation. The essential content was not altered by the smoothing. It is consistent 

both in the model and in the observations that the correlation time scale is shorter 

over the land than over the ocean. Note that the model temporal scale is C/B which is 

about one month for an all-land planet and 4.5 years for an all-ocean planet. It is clear 

that the distribution of land mass is an important factor controlling the correlation 

time scale of the response. 

Two rather large discrepancies are at the eastern equatorial Paicific and at the 

Antarctic circumpolar current region. The fonner is clearly associated with El Niiio. 

The latter deviation may be due to the inadequacy of the observational data. 

e. Blue noise forcing 

In addition to the above experiments we conducted a number of experiments with a 

form of the noise forcing that could be characterized as "bluen in space. We increased 

the forcing Mliance linearly by spherical harmonic degree while keeping it white in 

time. This was motimted by the study by Leung and N o h  [1991] who found that 

in fitting the noise forced EBM to a long GCM run, a slightly better fit could be 

obtained using this blue spatial noise. The underlying reason for the improved fit was 

the likelihood that the instabilities in the atmosphere which presumably give rise to 

the noise are concentrated more at the higher wave numbers which are most unstable 

in atmospheric flows. We repeated all of the above experiments with the blue noise 

forcing (still white in time) and generated the corresponding maps. We found that 

in some cases there was an improvement but not sfficient to present here and not 

sufficient to justify the addition of another free parameter describing the "slope" of the 

blue noise spectrum for most applications. 

4. Concluding Remarks 

This study has shown that noise forced energy balance models can produce the 

main characteristics of second moment fields of the surface temperature in both space 



and time. It is remarkable that dynamical and even topographical considerations play 

almost no role in the maps shown. The only exceptions are the phenomena clearly 

associated with El Niiio and other low frequency oceanic upwelling processes. 

We feel that the findings are important for a number of future applications. 1) 

The errors made by using a finite number of thermometers over the planet to estimate 

a global average can now be assessed with some reliability using a relatively simple 

stochastic climate model combined with standard estimation methodology [e.g., North 

and Nakamoto, 19891. Using the correlation lengths as a guide in thermometer spaicing 

on the globe has already been convincingly argued by Hansen and Lebedeff 119871. Our 

results will allow quantitative assessment of the errors made in detecting climate change 

with the historically sparse network. These findings can in turn help in developing op- 

timal estimation or detection strategies [e.g., Bell, 19821. 2) Now that a simple model 

has been shown to be this useful, we can begin to think more seriously about its use in 

predictability [North and Cahalan, 1982; Leung and North, 19901 and transient climate 

studies [North et al., 1983bl. These latter experiments must continually be compared 

with similar studies with general circulation models. This interactive hierarchical ap- 

proach should prove useful in providing badly needed insight into a number of climate 

change problems. 3) We hope the findings of our study will also point to the possibility 

of eventually using natural fluctuation statistics in narrowing the uncertainties in our 

very best fully coupled GCMs. 
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Figure Legends 

Figure 

1. Spectral density functions of the global average temperatures: thick line - observa- 

tion (auto-regressive fitting of order 5); thin line with circle - linear energy balance 

model response to a noise forcing white in space and time. 

2. Geography of the distribution of variance ('c2) within 2 month - 10 year band: 

a) observations (shaded areas indicate regions with less than 30 years of data 

available); b) linear energy balance model with a noise forcing white in space and 

time. 

3. Geography of the distribution of variance within 2 month - 1 year band: a) obser- 

vations (shaded areas indicate regions with less than 10 years of data available); 

b) linear energy balance model with a noise forcing white in space and time. 

4. Geography of the distribution of Mliance within 1 - 5 year band: a) observations 

(shaded areas indicate regions with less than 30 years of data available); b) linear 

energy balance model with a noise forcing white in space and time. 

5. Spatial correlations of fluctuations within 2 month - 1 year band at six selected 
- 

sampling points: a) observations (shaded areas indicate regions with less than 10 

years of data available); b) linear energy balance model with a noise forcing white 

in space and time. The test points are (30°W, 50°N), (90°E, 50°N), (120°W, 40°N), 

(lOOE, 20°N), (150°W, OON), (OOE, 90"s). 

6. Spatial correlations of fluctuations within 1 year - 10 year band (annual average 

temperature field) at selected sampling points: a) observations (shaded areas in- 

dicate regions with less than 30 years of data available); b) linear energy balance 

model with a noise forcing white in space and time. 

7. Correlation time scale (defined as the l / e  point of decay) of the response within 

2 month - 10 year band: a) observation (moving averaged over a 50" x 25" box; 



shaded areas indicate regions with less than 30 years of data available); b) linear 

energy balance model with a noise forcing white in space and time. 
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Fig. 1. Spectral density functions of the global average temperatures: thick line - 
observation (auto-regressive fitting of order 5); thin line with circle - linear energy 
balance model response to a noise forcing white in space and time. 



Fig. 2. Geography of the distribution of variance ('c*) within 2 month - 10 year 
band: a) observations (shaded areas indicate regions with less than 30 years of 
data available); b) linear energy balance model with a noise forcing white in space 
and time. 



Fig. 3. Geography of the distribution of variance within 2 month - 1 year band: 
a) observations (shaded areas indicate regions with less than 10 years of data 
available); b) linear energy balance model with a noise forcing white in space and 
time. 



Fig. 4. Geography of the distribution of variance within 1 - 5 year band: a) observations 
(shaded areas indicate regions with less than 30 years of data available); b) linear 
energy balance model with a noise forcing white in space and time. 



Fig. 5. Spatial correlations of fluctuations within 2 month - 1 year band at six selected 
sampling points: a) observations (shaded areas indicate regions with less than 10 
years of data available); b) linear energy balance model with a noise forcing white 
in space and time. The test points are (30°W, 50°N), (90°E, 50°N), (120°W, 40°N), 
(lOOE, 20°N), (150°W, OON), (OOE, 90"s). 



Fig. 6. Spatial correlations of fluctuations within 1 year - 10 year band (annual aver- 
age temperature field) at selected sampling points: a) observations (shaded areas 
indicate regions with less than 30 years of data available); b) linear energy balance 
model with a noise forcing white in space and time. 



Fig. 7. Correlation time scale (defined as the l / e  point of decay) of the response within 
2 month - 10 year band: a) observation (moving averaged over a 50" x 25" box; 
shaded areas indicate regions with less than 30 years of data available); b) linear 
energy balance model with a noise forcing white in space and time. 
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INTRODUCTION 

A GLOBAL CLIMATE MODEL is a mathematical computer model 

that is capable of simulating the seasonal cycle of certain 

weather variables starting with the planetary scales of 

atmospheric behavior and including other scales down to some 

"resolution". These models must be run long enough on the 

computer for transient effects to die out. An annual cycle 

model typically uses a simple 50 - 75 meter deep ocean for 
the lower boundary constraint on the atmosphere. Simulations 

with these models take a minimum of 15 model years. An 

imitation of a part of the seasonal cycle can be had by 

setting the sun at its January position, for example, and 

prescribing the sea surface temperature for that month from 

data. While the verisimilitude of this imitation is a matter 

of dispute it cuts down computer time by about a factor of 20 

and it may be valuable for certain purposes. Global 

atmospheric models have to use other boundary conditions as 

input, such as the placement and thickness of ice sheets, the 

atmospheric composition and the oceanic structure. The 

output of a global climate model is the seasonal cycle in 

each grid box over the earth. We call this the regional 

climate forecast. 

Examples of global models used in this study: 

m. EBM is a generic term for an "energy balance 

model", which calculates temperature as a function of the 

incoming solar radiation, modified by the albedo 

(reflectivity) of the earth. In our report, we focus 

strictly on seasonal models, which involve realistic seasonal 

forcing and response (as opposed to annual-averaged forcing). 



We also use only two-dimensional models, with the dimensions 

being equivalent to latitude and longitude so that 

continental outlines can be resolved (this step is necessary 

because it can be demonstrated that land-sea distribution 

represents the principal control of seasonal temperature 

fluctuations). There are several different types of EBMs 

that we discuss and employ: 

LINMOQ. LINMOD is the basic version of the 2D-EBM from 

which others are derived. It was developed by North et al. 

(1983) and resolves the seasonal cycle but is a linear model 

and does not allow for the regionally varying albedo of snow 

and ice. 

JIINEBM. LINEBM is a modification of LINMOD that allows 

for regionally varying but prescribed albedo of snow and ice. 

This model, which is linear, was developed at ARC, described 

in Hyde et al. (1989), and tested against general circulation 

model (GCM) simulations of climate change over the last 

18,000 years. 

N E O W .  NEQMOD is a model recently completed under this 

PNL contract. The abbreviation stands for Nonlinear 

EQuilibrium MODel, for it is a nonlinear model that allows 

for interactions of altered seasonally varying snow and ice 

fields with the planetary radiation budget. Such a model is 

important for testing, for example, the future effect of 

greenhouse gas changes on climate, for much of the climate 

system response is nonlinear and involves the snow and ice 

fields. The "equilibrium" term in the title refers to the 

fact that there are two different methods of solution for the 

ice-albedo feedback, one involving spherical harmonic 

expansions in order to achieve an equilibrium solution, the 

other involving finite-differencing, which determines a time- 

marching solution. 

. GCM stands for General Circulation Model. This 

class of models solves the standard equations governing 



momentum, mois tu re ,  e t c .  and e x p l i c i t l y  computes f ields such 

a s  c i r c u l a t i o n ,  p r e c i p i t a t i o n ,  e t c .  I t  t h e r e f o r e  p r o v i d e s  

much more i n f o r m a t i o n  t h a n  an  EBM, b u t  a t  a  much-greater c o s t  

and presumably is  more r e a l i s t i c .  A t  p r e s e n t  o u r  p r o j e c t  

e n v i s i o n s  u s i n g  two d i f f e r e n t  t y p e s  of  GCMs: 

J,OW-FESOLUTION GCM (LRM) . LRM is, a s  t h e  name i m p l i e s ,  

a  low-reso lu t ion  v e r s i o n  of a  GCM. The model h a s  

approx imate ly  15' X 15' r e s o l u t i o n  i n  t h e  h o r i z o n t a l ,  w i t h  

f i v e  l e v e l s  i n  t h e  v e r t i c a l ,  and a  s i m p l i f i e d  r a d i a t i o n  code 

(Ot to -Bl iesner  e t  a l .  1 9 8 2 ) .  A l l  o f  t h e s e  f e a t u r e s  e n a b l e  

t h e  model t o  be run approximate ly  t e n  times f a s t e r  t h a n  t h e  

h i g h - r e s o l u t i o n  v e r s i o n .  The LRM i s  a n  i d e a l  model f o r  

t e s t i n g  a  range  o f  pa ramete r  space  v a l u e s  b e f o r e  s e t t l i n g  on 

a  few exper iments  t o  run  w i t h  t h e  most comprehensive t y p e  of 

GCM ( s e e  below) . 
BIGH RESOLUTION GCM - . The High-Resolution GCM i s ,  a g a i n  

a s  t h e  name i m p l i e s ,  a  h i g h - r e s o l u t i o n  model, wi th  about  a  5' 

X 5' h o r i z o n t a l  r e s o l u t i o n  and about  t e n  l e v e l s  i n  t h e  

v e r t i c a l ,  and a  more compl ica ted  r a d i a t i v e  code.  This  model 

g i v e s  t h e  most d e t a i l e d  in fo rmat ion  about  c l i m a t e  change, b u t  

i s  a l s o  t h e  most expens ive  t o  o p e r a t e .  The model w e  p l a n  t o  

use  l a t e r  i n  t h e  p r o j e c t  i s  a  v e r s i o n  of  t h e  Community 

Climate Model (CCM) from t h e  N a t i o n a l  Center  f o r  Atmospheric 

Research (NCAR; c f .  Ramanathan e t  a l .  1983, Williamson e t  a l .  

1 9 8 7 ) .  

WSOSCALE MODEL. R e s u l t s  from g l o b a l - s c a l e  models w i l l  

be used as i n p u t  t o  a  f iner-mesh r e g i o n a l  model b e i n g  

developed a t  NCAR (Dickinson e t  a l .  1989, G i o r g i  and Ba tes  

1989, G i o r g i  1 9 9 0 ) .  T h i s  model i s  capab le  of  s i m u l a t i n g  

changes on a  s p a t i a l  s c a l e  an o r d e r  of  magnitude f i n e r  t h a n  

t h e  GCM and w i l l  be  used  t o  make t h e  b e s t  e s t i m a t e s  of  

p r e c i p i t a t i o n  v a r i a t i o n s  a t  Yucca Mtn. 
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