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[i] A  m ethod  is p resen ted  to determ ine tropopause heigh t 
fro m  g rid d e d  te m p e ra tu re  d a ta  w ith  c o a rse  v e rtic a l 
reso lu tion . T he algo rithm  uses a  therm al defin ition  o f  the 
tropopause, w h ich  is based  on  the concep t o f  a  “ th resho ld  
lap se -ra te " . In te rpo la tion  is perfo rm ed  to  iden tify  the 
p ressure at w h ich  th is th resho ld  is reached  and m ain tained  
fo r a  p rescribed  vertical d istance. T he m ethod  is verified  by  
com paring  the heigh ts calcu lated  from  analyses o f  the 
E uropean  C entre  fo r M ed ium -R ange W eather Forecasts 
(E C M W F ) w ith  th e  o b se rv e d  h e ig h ts  a t in d iv id u a l 
ra d io s o n d e  s ta tio n s . R M S  e rro rs  in  th e  c a lc u la te d  
tropopause he igh ts are generally  sm all. T hey  range from  
3 0 - 4 0  liPa in  the extratrop ics to 1 0 -2 0  h P a  in  the tropics. 
T he largest dev iations occu r in the sub trop ics, w here the 
tropopause has strong  m erid ional grad ien ts that are no t 
adequate ly  reso lved  b y  the inpu t data. I n d e x  T e r m s :  
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troposphere interactions; 3337 Meteorology and Atmospheric 
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1. Introduction
[2 ] O bjective determ ination  o f  the location  o f  the tropo ­

p a u se  is n e c e s s a ry  to  s tu d y  s t r a to s p h e re - tro p o s p h e re  
exchange processes [e.g., H olton e t a l., 1995], to  correctly  
calcu late  “ ad ju s ted "  rad ia tive  forcings [Stuber e t a l., 2001], 
and  to exam ine the tropopause  in clim ate change experi­
m en ts [Santer e t a l., 2003a , 2003b; Sausen an d  Santer, 
2003], In  m ost cases, the tropopause is determ ined  from  
gridded  data, w h ich  are generally  e ither analyses, rcanalyscs, 
o r m odel output. T he vertical reso lu tion  o f  such  data  is 
frequently  o f  the o rder o f  50 h P a  in  the v ic in ity  o f  the 
tropopause. T his ra ises the question  o f  how  accurately  the 
tropopause can  b e  determ ined  from  such  coarse reso lu tion  
data. H ere, w e describe an  accurate  and  robust m ethod  to 
determ ine the tropopause  he igh t from  gridded da ta  w ith  low  
vertical reso lu tion . T he m ethod  has a lready b een  used in 
several p rev ious studies [e.g ., G rew e an d  D am eris, 1996; 
Stuber e t a l., 2001; Santer e t a l., 2003a; Sausen an d  Santer, 
2003; Santer e t a l., 2003b], D esp ite  its success, no detailed  
descrip tion  and  valida tion  o f  the m ethod  ex ists thus far. A s
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the  m ethod  is o f  general in terest, w e prov ide  a  descrip tion  
and  evaluation  here.

[3] T he  tro p o p au se  can  b e  d efin ed  in  v arious w ays. 
D efin itio n s  b a sed  o n  th e  ch em ica l co m p o s itio n  o f  the 
a tm o sp h e re  m ak e  use  o f  th e  fac t th a t th e  tro p o p au se  
is a ssoc ia ted  w ith  sharp  g rad ien ts  in  trace  gases [e .g .. 
Shepherd, 2002], D ynam ica l defin itions are based  o n  crit­
ical values o f  isentropic (E rtcl) poten tial vo rtic ity  (PV ) and 
varia tions th e re o f  [e.g ., Thuburn an d  C raig , 1997], The PV  
approach  fails in  reg ions o f  sm all abso lu te  vorticity , for 
exam ple in the trop ics, and  som etim es in  the extratropics 
w hen  strong  an ticyclon ic  flow  prevails [H oerling e t al., 
1991], T he trad itional defin ition  o f  the tropopause  is in 
term s o f  the rate  o f  decrease o f  tem peratu re w ith  heigh t (the 
‘lap se-ra te ' F ): T he troposphere  is therm ally  w eakly  strat­
ified, and the stra tosphere is strongly  stratified. W e use the 
therm al defin ition  based  on  the standard  W M O  lapse-rate 
criterion  [W M O. 1957] to estim ate  the tropopause  height. 
T he advantage is that it can  be  app lied  globally , and  that it 
requ ires on ly  one param eter as input, i.e. the local vertical 
profile  o f  atm ospheric  tem perature . A  d isadvan tage  o f  the 
th erm al crite rio n  is th a t it leads to  am b ig u ities  in  the 
p resence o f  m ultip le  stable layers, w h ich  som etim es occu r 
in  the je t  stream  reg ion  [Reiter, 1975] o r in po lar latitudes.

[4] In  section  2 w e describe  the algorithm . A  verification  
o f  the m ethod  is p rov ided  in section  3. T he paper concludes 
w ith  som e d iscussion  and  a  sum m ary in  section  4.

2. Methodology
[5] W e apply  the sam e criteria  that are in  use fo r the 

tro p o p a u se  d e te rm in a tio n  fro m  ra d io so n d e  so u n d in g s . 
A cco rd ing  to the WMO  [1957], the tropopause is defined  as 
“ the low est level at w h ich  the lapse-rate  decreases to 2°C /km  
o r less, p rov ided  tha t the average lapse-rate  be tw een  th is level 
and  all h ig h e r levels w ith in  2 k m  does no t exceed 2 °C /k m ". 
T he la tter cond ition  avoids the possib ility  o f  confusing  the 
tropopause w ith  a surface inversions.

[6] T he tropopause  is calcu lated  as fo llow s. F irst, the 
lapse-rate  is calcu lated  from

r  in\ = - — = -  —  ^p = -  —  m
; • i t  dp i t  up- up i t  1 1

w ith  tem perature  T, p ressure p ,  h e igh t z , and  k, =  R/cp, w here 
R  denotes the gas constan t fo r d ry  a ir and cp the specific 
h ea t capac ity  o f  a ir at co n stan t p ressu re . U s in g  the 
hydrostatic  approx im ation  and the gas equation  (1) trans­
form s to

Let us assum e that tem peratu re  data  T\, T2, . . .  Tt, . . .  Tn are 
availab le  at p ressure lev e lsp \ . p - ± , . p „  (see F igure 1).
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F ig u re  1. T em perature T  as a  function  o f  p ressure p.

W e then  calcu late  r/+1/2 at the h a lf  levels w hose  pressure is 
g iven  by

Pi-i- 1/2
t f + P ' U  i 

' 2 (3)

W c approx im ate  (2) by  fin ite d ifferences assum ing  tha t T  
varies linearly  w ith  p h, so tha t the lapse-rate  at the h a lf  levels 
is calculated  as

r t+1/2
(Jh-i -  Tj) {p'l + P h - ,)  

(#H ~ t f )  (T> + T.Hi) { r
(4)

[7] H av ing  dctem iincd  the lapse-rate at all h a lf  levels w e 
construct a  con tinuous F  profile by  in terpo lating  linearly  
w ith  p K. S tarting  at the low est level w e then  search  fo r that 
h a lf  level p j+ \n  w here  r/+1/2 is sm aller than  the critical lapse- 
rate T t p = 2  K /km  fo r the first tim e. W e then  chcck w hether 
the m ean  lapse-rate  o f  the 2 km  deep  layer above the pressure 
level Pj+1/2 rem ains below  T t p . I f  the sccond  criterion  is no t 
fulfilled, w e search  fo r the n ex t h a lf  level above pj+ \n  w here 
the lapse-rate is again  below  F  TP. I f  b o th  criteria  arc m et, the 
cxact position  o f  the tropopause  is dc tem iincd  by  in terpo lat­
ing F  linearly  w ith  p H b e tw een  the h a lf  levels j  — 1/2 and j  + 
1/2. T he pressu re  level w here the lapse-rate  reaches the 
critical va lue  F TP denotes the tropopause  pressure p Tp-

PfT P = P fl-U 2 +
Pj-\-1 /
F/+1/ IV7- 1/2

(r* r,. ■1/2 (5)

[s] In  the even t tha t m ultip le  vertica l levels m ee t these 
criteria, the tropopause  is assigned  to  the low est position  o f  
occurrence. To avoid  unrcalistically  h igh  o r  low  tropopause 
heigh ts and to increase com puta tional speed, the search  
range fo r the algo rithm  is lim ited  to  betw een  550  h P a  and 
75 h P a  (approx. 5 - 1 8  km ). I f  the calcu lated  tropopause 
cxcceds one o f  these  lim its, the  resu lt is re jected  and the 
tropopause  is assigned  the m issing  value  at th is grid point. 
A fter the tropopause  has b een  calcu lated  for all ho rizon tal 
grid  po in ts, one  can  op tionally  fill in  m issing  values b y  the 
m ean  o f  th e ir su rrounding  points. T he reader can find a 
p rogram  o f  the above a lgorithm  a t h ttp ://w w w .gfd l.noaa . 
gov /~ tjr/T R O P O /tropocode.h tm .

3. Evaluation
[9] U s in g  th e  a lg o rith m  d esc rib ed  in  scc tio n  2, w c 

calcu lated  tropopause  heigh ts from  E C M W F analyses and 
com pared  th em  w ith  h e ig h ts  rep o rted  from  rad io so n d e

stations. T he goal w as to  (1) test the algorithm , and (2) to 
find o u t w hether coarsely  reso lved  analyses arc suitable 
input data.

3.1. Data

[ 10] T he observationa l data  w ere operationally  reported  
tropopause heigh ts from  rad iosonde stations. A t the station, 
the tropopause is determ ined  by  v isual inspection  o f  the 
h igh ly  reso lved  tem peratu re  profile using the W M O  crite­
rion. T he verification  w as perform ed using  observed  daily  
h e igh t data  fo r six ind iv idual m onths: January  and Ju ly  o f  
1992, 1993 and 1994. To calculate th e  tropopause , w e used 
daily  tem peratures o f  standard  analyses from  E C M W F  in 
T42 reso lu tion  [ECMWF, 1993], The spectral data  w ere 
transform ed to  a grid w ith  a  reso lu tion  o f  rough ly  2.8° x 
2.8° degrees. In  the vertical, w e used 10 standard  isobaric 
surfaces from  7 0 0 - 5 0  hPa.. It is likely th a t m ost o r perhaps 
all o f  the rad iosonde data  used for the verification  w ere 
assim ilated  in  th e  E C M W F -analyses, so tha t b o th  calculated  
and  observed  tropopause  heigh ts w ere based  on  sim ilar 
input data.

[ 11] A s m en tioned  above, occasionally  no tropopause  
could  be  determ ined , e ither because  the W M O  criteria  w ere 
n o t m et, o r because  the ca lcu lated  he ig h t cxccedcd  the 
low er o r upper lim it. H ow ever, the failure ra te  w as fairly 
low: T he tropopause  he igh t could  no t be  determ ined  in  only  
0.1 %  o f  all eases. T he vast m ajo rity  o f  these  eases occurred  
o ver the A ntarctic be tw een  June and Septem ber, w ith  a 
p ronounced  m ax im um  in July. A t this location  and tim e, the 
failure ra te  approached  16%. T h is w as related  to extrem ely  
co ld  tro p o sp h eric  tem pera tu res  d u rin g  A ntarc tic  w in ter, 
w h ich  p roduced  a  re latively  iso therm al tem perature  struc­
tu re  in the stra tosphere and m id- to  upper troposphere  [sec, 
e .g ., H ig h w o o d  e t al . ,  200 0 ], O v e r th e  A rc tic  d u rin g  
northern  w inter, th e  calcu lation  o f  the tropopause  also failed 
a t tim es, b u t far less frequently  than  over th e  A ntarctic. The 
local failure ra te  w as sm aller th an  over A ntarctica  w ith  local 
m ax im a o f  up to  1.4%.

[ 12] F igure  2 show s the d is tribu tion  o f  the 340 regularly  
rep o rtin g  (jV(/fll,.s >  15) sta tions th a t w ere  used fo r the 
ev a lu a tio n . T he  co v e rag e  w as sp arse  a t h ig h  la titu d es 
and the trop ics, and ra ther dense in the ex tratropics. We 
perform ed a sim ple quality  contro l o n  the station  data  to 
rem ove obv ious errors. F o r cach selected station, up to

F ig u re  2. D istribu tion  o f  the 340  regu larly  reporting  (15 
reports p e r m on th ) upper-air stations.

http://www.gfdl.noaa
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F ig u re  3. T ropopause pressure over central E urope (4 7 ° -5 3 ° N , 0 7 ° -1 2 ° E )  du ring  January  1 9 9 2 -9 4  as calcu lated  from 
analyses (top) and as m easured  from rad iosondes (m iddle). ‘+ '-sy m b o ls  m ark  individual g rid -po in t calcu lations or 
rad iosonde m easurem ents, and  the full lines show s area m eans. The bottom  panels show  the d ifferences (full line, 
calcu lated  m inus m easured), and the spatial standard  dev iation  (dotted  line). The m onth ly  spatial standard  dev iation  (cr) and 
the m onthly  m ean  (p.) are specified  in hPa. n denotes the nu m b er o f  reports.

6 m onth ly  tim e series (i.e., the three Januarys and three 
.Tulys o f  1992, 1993 and 1994) w ere  ob tained, each o f  them  
con tain ing  up  to 31 daily  tropopause values.

[u ]  F o r the sta tions considered  here , the m onth ly  tim e 
series o f  tropopause heigh ts con tained  d ifferent num bers o f  
daily  reports. B efore com paring  w ith  analyses, therefore, 
w e requ ired  that the num ber o f  valid  tropopause reports 
(Ndnvs) w as at least 15 ou t o f  a possib le  31. T his y ie lded  a 
total o f  1511 m onthly  tim e series o f  tropopause heigh t (744 
for January, 767 for Ju ly) from 340 d ifferent stations (314 
for January, 294 for Ju ly). O n average, 26 reports w ere 
availab le  for each m onth . We also perform ed o u r com par­
ison o f  ca lcu lated  and reported  tropopause heigh ts w ith 
m ore stringent requirem ents for the treatm ent o f  m issing  
data. W e did  this by increm entally  increasing  the m inim um  
nu m b er o f  valid  tropopause reports from 15 to 28, and by 
res tric ting  ou r a tten tion  to resu lts  from  sta tio n s w hich  
satisfied  these criteria  in all 6 m onths. T he resu lts o f  the 
ev a lua tion  w ere  re la tive ly  in sensitive  to  the cho ice  o f  
m issing  data  criteria.

3 .2 . R esu lts
[14] To elim inate sm all scale features, m eans o f  2 x  2 

g rid -po in t da ta  o f  calcu lated  tropopause heigh ts w ere  used  
for the evaluation . To account for gaps in tem poral co v er­
age, the calcu lated  heigh ts from E C M W F analyses w ere 
m asked  w ith  the tem poral coverage at the location  o f  the 
rad iosonde stations.

[is] F o r an ob jec tive  com parison  it w as desirab le  to 
com bine several reported  tropopause heigh ts to the sam e 
5 .6° x  5 .6° area averages as the calcu lated  heights. This 
w as only possib le  over data-rich  areas. H ere, w e exam ine in 
detail a  reg ion  o f  this type, it  is located o ver E urope and

covers abou t 500 km  x  600 km . T his reg ion  includes
8 regularly  reporting  stations that are hom ogeneously  d is­
tributed. F igure 3 depicts January  tim e series o f  calculated  
(top) and m easured  (m iddle) area m ean  tropopause heights, 
and their d ifferences (bottom ).

[ib] The agreem en t betw een  ca lcu la ted  and m easured  
tropopause values is ra ther good. The strong  fluctuations 
o f  m easured  tropopause  pressures, w hich  are typical o f  
extratropical synoptic  activity, are reproduced  w ell by the 
calculations. The bottom  graphs show  that the deviations 
are, in general, w ith in  the spatial standard  dev ia tion  o f  
m easured  tropopause pressure. F o r all 3 January  tim e series 
c o m b in ed , th e  b ia s  in c a lc u la te d  tro p o p a u se  p ressu re  
am oun ts to 3 h P a  w ith  a spatia l standard  dev ia tion  o f  
11 hPa. In July, w hen  synoptic  activity  and tropopause 
variability  is sm aller, the m ean  d ifference am ounts to 1 hP a 
and its spatial standard  dev iation  to 9 h P a  (no t show n). 
F u rther de ta iled  com parisons can  be found in R eich ler  
[1995]. The excellen t agreem en t betw een  calcu lations and 
m easurem ents illustrates that o u r algorithm , w hich  relies on 
in terpolation  o f  lapse-rates, can  provide reliab le  estim ates o f  
tropopause heigh t desp ite  the coarse vertical reso lu tion  o f  
the input data. A n  im portant prerequisite , how ever, w as the 
h igh observation  density , w hich  ensured that both analyses 
and observations w ere reliab le  and representative.

[ 17] F igure 4 show s the results o f  the evaluation  from all 
stations for January  and July 1 9 9 2 -1 9 9 4  as a  function o f  
sta tion  latitude. D ep ic ted  are m on th ly  m ean  d ifferences 
betw een station reports and co rrespond ing  2 x 2  grid -po in t 
m eans derived  from E C M W F-analyses. A t m any locations, 
the com parisons invo lved  sing le  sta tion  data  only, and 
hence w ere  necessarily  no is ier than the regional average 
show n in F igure 3.
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[is] T he error structure is to first o rder sym m etric  about 
the equator. B ased on this structure, w e d iv ided  the resu lts 
into 1 tropical (2 5 °S -2 5 °N ), 2 subtropical ( 2 6 - 4 4 ° )  and 
2 extratropical zones (4 5 - 9 0 ° )  and  ca lcu lated  the statistics in 
each zone (Table 1). In the extratrop ics, the d ifferences are 
ra ther sm all com pared  to the m ean tropopause pressure o f  
abou t 250 hPa. In the N orthern  H em isphere extratrop ics, the 
m ean rm s-erro r is 27 hPa in January  and 20 hPa in July. The 
relatively  few stations over the southern extratropics yield 
sim ilar results. D uring  January, the dev iations scatter quite 
evenly around  zero , w hereas in July there is a  tendency 
tow ards positive deviations w ith latitude. O ver the tropics, 
the m ean rm s-erro r is 17 hP a in January  and 13 hPa in July. 
C o n sid erin g  the low  tro p o p au se  p ressu re  in the trop ics 
(~ 1 0 0  hPa), the re la tiv e  e rro r equals to 1 3 -1 7 % . T he 
tw o sub trop ical zones have ra th e r large dev ia tions w ith 
rm s-errors betw een 29 and  54 hPa. T his is p robably  related 
to a  sharp transition  zone from the high tropical to the low  
ex tratropical tropopause in this latitude band, w hich canno t 
be adequately  reso lved  by the analyses. F igures 4  also show  
that the position  o f  m axim um  differences shifts by 10° to the 
N orth  from January  to July, w hich  is in good  agreem en t w ith 
the seasonal sh ift o f  the m ajo r m erid ional overtu rn ing  cells.

4. Summary and Conclusions

[19] W e developed  and  tested  an a lgorithm  involv ing  
in terpolation  o f  lapse-rates to determ ine the heigh t o f  the

January

Figure 4. M onthly  m ean d ifferences betw een calculated  
and m easured  tropopause pressures. T hin vertical lines 
denote  tem poral standard  deviation  o f  daily  d ifferences 
(±cr), derived  from all availab le  tim e series o f  a  specific 
station . T he x-axis denotes latitudinal position  o f  the 
stations.

Table 1. Mean bias (|_t) and rms-error in hPa of model derived 
tropopause pressure, averaged over the 5 latitudinal zones

January 90 45S 44 26S 25S 25N 26 44N 45 90N

11 - 3 9 - 7 3
rms 26 32 17 42 27
Julv 90S 45 S 44S 26S 25S 25N 26 44N 45 90N

-6 -12 4 _2 3
rms 31 54 13 29 20

tropopause from coarsely  reso lved  tem perature  data. The 
a lgorithm  uses a therm al defin ition  o f  the tropopause , and  is 
based  on the standard  W M O  lapse-rate criterion. It can 
easily be applied  to any type o f  analyses o r m odel outpu t, 
and  it can also  directly  be im plem ented  into m odels to study 
cross tropopause transport. T he m ethod  w as evaluated  by 
com paring  the heights calcu lated  from E C M W F -analyses 
w ith observed  heights a t individual stations. In the ex tra­
trop ics, the m ean rm s-error o f  daily  heights w as on the o rder 
o f  3 0 - 4 0  hPa. In the trop ics, the m ean rm s-erro r w as about 
15 hPa. D eviations o f  up to  60 hPa w ere found in the 
sub tro p ics  o f  both  hem ispheres. T hese  are m o s t likely 
associated  w ith strong m erid ional grad ien ts in tropopause 
height. C learly, the accuracy o f  the m ethod  is lim ited by the 
reso lu tion  o f  the input data, w hich is usually  too coarse to 
reso lve regional structures and the steep tropopause  g ra ­
dien ts in the tropical-ex tratrop ical transition  zone. It should 
also be no ted  that the d ifferences betw een observed  and 
calcu lated  heights are no t so lely  attributable to the coarse 
vertica l reso lu tion  o f  the input data. O ther factors like 
d ifferences in tem poral and spatial sam pling, and changes 
over tim e in the analysis m odel m ay  also  be responsible. 
O verall, these resu lts are encourag ing , in particu lar w hen 
considering  the coarse vertical resolution  o f  the input data. 
Im provem ents can be expected  w ith the use  o f  tem perature  
data  w ith h igher vertical reso lu tion  in the v icin ity  o f  the 
tropopause.
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