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There	
  is	
  observa,onal	
  evidence	
  that	
  global	
  sea	
   levels	
  (SL)	
  are	
  rising	
  and	
  there	
  is	
  
concern	
   that	
   the	
   rate	
   of	
   rise	
   will	
   accelerate,	
   significantly	
   threatening	
   growing	
  
coastal	
   communi,es.	
   However,	
   a	
   consensus	
   has	
   not	
   yet	
   been	
   reached	
   on	
  
whether	
  SL	
  has	
  been	
  rising	
  more	
  quickly	
  in	
  recent	
  years,	
  which	
  would	
  indicate	
  we	
  
are	
   following	
   a	
   high	
   SL	
   projec,on	
  pathway.	
  We	
  believe	
   this	
   is	
   because	
   there	
   is	
  
uncertainty	
   regarding	
   two	
   related	
   ques,ons:	
   (1)	
   Has	
   there	
   been	
   a	
   significant	
  
accelera,on	
   in	
   SL	
   since	
   early	
   in	
   the	
   20C	
   or	
   are	
   changes	
   since	
   then	
   essen,ally	
  
linear	
   or	
   even	
   nega,ve?	
   (2)	
   Are	
   the	
   high	
   rates	
   of	
   rise	
   measured	
   since	
   1993	
  
significantly	
  larger	
  than	
  rates	
  observed	
  at	
  other	
  ,mes	
  in	
  the	
  past	
  two	
  centuries?	
  
Both	
   ques,ons	
   relate	
   to	
   two	
   methods	
   that	
   have	
   tended	
   to	
   be	
   used	
   to	
   detect	
  
accelera,ons,	
  namely:	
   (i)	
   fiOng	
  quadra,c	
  equa,ons	
   to	
  ,de	
  gauge	
   (TG)	
   records,	
  
with	
   the	
   accelera,on	
   defined	
   as	
   twice	
   the	
   quadra,c	
   coefficient;	
   (ii)	
   es,ma,ng	
  
linear	
   trends	
   for	
   consecu,ve,	
  overlapping	
  ,me	
  periods	
  of	
  different	
   lengths.	
  We	
  
briefly	
   examine	
   each	
   ques,on	
   and	
   then	
   we	
   apply	
   these	
   two	
   methods,	
   to	
  
synthesized	
   datasets	
   created	
   by	
   combining	
   measured	
   records	
   with	
   different	
  
projec,ons	
  of	
  SLR	
  from	
  the	
  present	
  to	
  2100.	
  
	
  
	
  We	
  ask:	
  
	
  

1.	
   If	
  SL’s	
  were	
  to	
  rise	
  by	
  0.5-­‐2m	
  by	
  
2100	
   when	
  might	
   fiOng	
   quadra,c	
  
trends	
   to	
   individual	
   TG	
   records	
   or	
  
global	
  reconstruc,ons	
  beginning	
  in	
  
the	
   late	
   19C	
   to	
   early	
   20C	
   iden,fy:	
  
(a)	
   accelera,ons	
   significantly	
  
different	
   from	
   zero?	
   	
   (b)	
   Rates	
   of	
  
SLR	
   that	
   would	
   indicate	
   we	
   are	
  
following	
   the	
   upper	
   end	
   of	
   the	
  
projected	
  AR4	
  range	
  or	
  higher7?	
  	
  
	
  

2.	
   When	
   might	
   fiOng	
   overlapping	
  
linear	
   trends	
   iden,fy	
   that	
   SL	
   are	
  
rising	
  at	
  a	
   rate	
   significantly	
  higher,	
  
for	
   the	
   same	
   period,	
   than	
   at	
   any	
  
other	
   ,me	
   over	
   the	
   last	
   two	
  
centuries,	
   and	
   which	
   overlapping	
  
data	
   length	
   would	
   iden,fy	
   this	
  
earliest?	
  

We	
  use	
  eight	
  TG	
  records	
  and	
  two	
  global	
  reconstruc,ons	
  -­‐	
  one	
  a	
  simple	
  average	
  
of	
  these	
  eight	
  records	
  and	
  the	
  other	
  the	
  reconstruc,on	
  from	
  Church	
  and	
  White	
  
(2011)	
  (herea^er	
  SR	
  and	
  GR,	
  respec,vely)	
  (Fig.	
  1).	
  We	
  consider	
  four	
  projec,ons:	
  
~0.5	
  and	
  ~0.8m	
   (i.e.	
  mid	
  and	
  upper	
  AR4	
   range),	
  and	
  1.5	
  and	
  2.0m	
   (i.e.	
  around	
  
the	
   upper	
   end	
   of	
   the	
   range	
   suggested	
   by	
   semi-­‐empirical	
   studies)	
   of	
   SLR	
   from	
  
1990-­‐2100	
   (herea^er	
   P1,	
   P2,	
   P3,	
   P4,	
   respec,vely).	
   For	
   each	
   record	
   and	
  
projec,on,	
  we	
  created	
  10,000	
  ar,ficial	
  ,me-­‐series;	
  comprising	
  the	
  historic	
  data	
  
for	
   that	
   record	
  and	
  the	
  specific	
  projec,on	
  from	
  present	
   to	
  2100	
  superimposed	
  
with	
  different	
  random	
  auto-­‐correlated	
  noise	
  signals	
  to	
  account	
  for	
  year-­‐to-­‐year	
  
variability	
  (Fig	
  2a).	
  	
  
	
  
	
  

To	
  answer	
  ques,on	
  1,	
  we	
  fit	
  quadra,c	
  trends	
  to	
  specific	
  periods	
  of	
  these	
  ,me-­‐
series,	
   increasing	
  the	
  period,	
  rela,ve	
  to	
  a	
  fixed	
  start	
  year,	
  by	
  one	
  year	
   into	
  the	
  
future	
   each	
   ,me	
   (Fig.	
   2b).	
   To	
   answer	
   ques,ons	
   2,	
   we	
   fit	
   linear	
   trends	
   to	
  
overlapping	
  periods	
  of	
  different	
   lengths	
  (Fig.	
  2c,d).	
  We	
  iden,fy	
  the	
  end	
  year	
  of	
  
the	
   period	
   when:	
   an	
   accelera,on	
   sta,s,cally	
   different	
   from	
   zero	
   is	
   first	
  
obtained;	
  the	
  accelera,on	
  exceeds	
  0.1mm/yr2;	
  the	
  linear	
  trends	
  are	
  significantly	
  
higher	
  than	
  the	
  largest	
  trends	
  pre-­‐2010.	
  	
  

Figure	
  2:	
  Le^	
  panels	
  show	
  the:	
  (a)	
  synthe,c	
  SL	
  ,me-­‐series	
  (only	
  1	
  of	
  the	
  10,000	
  randomly	
  generated	
  ,me-­‐series	
  is	
  shown	
  as	
  an	
  example)	
  and	
  
associated;	
  (b)	
  quadra,c	
  trends;	
  (c)	
  overlapping	
  10-­‐year	
  linear	
  trends;	
  (d)	
  overlapping	
  30-­‐year	
  quadra,c	
  trends;	
  ploded	
  against	
  the	
  end	
  year	
  of	
  
the	
   period	
   for	
   which	
   the	
   trend	
   was	
   calculated	
   at	
   Honolulu.	
   Right	
   panels	
   show	
   the	
   10,000	
   synthe,c	
   ,me-­‐series	
   for	
   each	
   of	
   the	
   four	
   SLR	
  
projec,ons	
   (a’)	
   and	
   the	
   associated	
   quadra,c	
   (b’)	
   or	
   linear	
   (c’,d’)	
   trends.	
   Ver,cal	
   bars	
   indicate	
   95%	
   confidence	
   intervals	
   associated	
  with	
   the	
  
trends.	
  Down	
  poin,ng	
  arrows	
  indicate	
  when	
  quadra,c	
  trends	
  at	
  sta,s,cally	
  different	
  from	
  zero	
  (b)	
  or	
  when	
  lower	
  95%	
  confidence	
  limit	
  of	
  the	
  
linear	
  trend	
  is	
  higher	
  than	
  the	
  upper	
  95%	
  confidence	
  limit	
  of	
  the	
  trends	
  for	
  the	
  historic	
  period	
  (c,d).	
  Arrows	
  poin,ng	
  to	
  the	
  right	
  indicate	
  that	
  
these	
  criterion	
  are	
  not	
  met	
  un,l	
  a^er	
  2100.	
  In	
  plot	
  b,	
  the	
  darker	
  and	
  lighter	
  grey	
  areas	
  indicate	
  trends	
  less	
  than	
  0	
  and	
  0.1mm/yr2,	
  respec,vely.	
  
In	
  plots	
  c	
  and	
  d	
  the	
  grey	
  areas	
  indicate	
  trends	
  less	
  than	
  the	
  upper	
  95%	
  confidence	
  limit	
  of	
  the	
  trends	
  for	
  the	
  historic	
  period.	
  	
  Figure	
  1:	
  (a)	
  Annual	
  mean	
  sea	
   level	
  ,me-­‐series	
  (corrected	
  for	
  GIA),	
  offset	
  for	
  

presenta,on	
  purposes;	
  (b)	
  loca,on	
  of	
  the	
  eight	
  TG	
  sites.	
  	
  

Results	
  1	
  
	
  

As	
   an,cipated,	
   the	
   GR	
   gives	
   the	
   earliest	
   indica,on	
   of	
   an	
   accelera,on	
  
significantly	
   different	
   from	
   zero	
   (Fig.	
   3)	
   and	
   dis,nct	
   from	
   past	
   rates	
   (Fig.	
   4),	
  
followed	
  in	
  most	
  cases	
  by	
  the	
  SR.	
  Significant	
  accelera,ons	
  are	
  detected	
  years	
  to	
  
decades	
   later	
   at	
   individual	
   sites	
   -­‐	
   earlier	
   at	
   sites	
   with	
   less	
   variability	
   (i.e.	
  
Newlyn)	
  and	
  later	
  for	
  sites	
  with	
  large	
  variability	
  (i.e.	
  Fremantle)	
  (Fig.	
  1).	
  	
  
	
  

Early	
   detec,on	
   of	
   a	
   significant	
   increase	
   in	
   the	
   rate	
   of	
   rise	
   is	
   crucial	
   to	
   enable	
  
adequate	
  adap,on,	
  par,cularly	
   if	
   it	
   is	
   at	
   the	
  postulated	
  higher	
   rates	
  of	
   rise.	
  By	
  
crea,ng	
   ar,ficial	
   future	
   ,me-­‐series	
   we	
   have	
   shown	
   that	
   it	
   could	
   s,ll	
   be	
   some	
  
,me	
  before	
  we	
  detect	
   SLR	
   accelera,ons	
   that	
  match	
  model	
   projec,ons	
   and	
   are	
  
dis,nct	
  from	
  past	
  rates.	
  For	
  SLR	
  >0.5m,	
  accelera,ons	
  significantly	
  different	
  from	
  
zero	
  are	
  likely	
  to	
  be	
  detected	
  in	
  this	
  decade	
  using	
  global	
  datasets,	
  but	
  trends	
  are	
  
sensi,ve	
   to	
   the	
   start	
   year	
   of	
   the	
   dataset.	
   Results	
   highlight	
   the	
   importance	
   of	
  
focusing	
  on	
  global	
  datasets	
  and	
  not	
  records	
  from	
  individual	
  loca,ons.	
  	
  

Conclusions	
  
	
  

Results	
  2	
  
	
  

In	
   regard	
  to	
  ques,on	
  2;	
   the	
  earliest	
  
detec,on	
   of	
   a	
   rate	
   of	
   SLR	
   that	
   is	
  
dis,nct	
   from	
   past	
   rates	
   observed	
  
over	
   the	
   same	
   period	
   is	
   typically	
  
obtained	
   when	
   linear	
   trends	
   are	
  
fided	
   to	
   30-­‐	
   or	
   40-­‐year	
   overlapping	
  
periods	
   (Fig.	
   4m-­‐p).	
   Previous	
  
authors	
  tended	
  to	
  fit	
  linear	
  trends	
  to	
  
10-­‐,	
  15-­‐	
  or	
  20-­‐year	
  periods,	
  to	
  match	
  
the	
   length	
   of	
   al,metry	
   data	
  
available	
   at	
   the	
   ,me.	
   If	
   SLR	
   follows	
  
P1	
   (P2),	
   a	
   dis,nct	
   rate	
   of	
   rise	
   is	
  
unlikely	
   to	
   be	
   detected	
   using	
   10-­‐
year	
   periods	
   un,l	
   a^er	
   2100	
  
(2060-­‐85)	
   for	
   the	
   GR	
   (Fig.	
   4a,b,e,f).	
  
Using	
   40-­‐year	
   periods,	
   a	
   significant	
  
accelera,on	
   is	
   likely	
   to	
  be	
  detected	
  
in	
   the	
   GR	
   about	
   2025-­‐2029,	
  
2 023 -­‐ 2026 ,	
   2 021 -­‐ 2023	
   a nd	
  
2021-­‐2022	
   for	
   projec,ons	
   P1-­‐4,	
  
respec,vely.	
  For	
  individual	
  loca,ons	
  
a	
   significant	
   accelera,on	
   is	
   only	
  
likely	
  to	
  be	
  iden,fied	
  up	
  to	
  as	
  much	
  
as	
   50-­‐,	
   30-­‐,	
   25-­‐	
   and	
   20-­‐years	
   a^er	
  
these	
  dates	
  for	
  the	
  four	
  projec,ons.	
  
	
  

Figure	
  4:	
  Linear	
  trends	
  (mm/yr)	
  calculated	
  for	
  10-­‐,	
  20-­‐,	
  30-­‐,	
  40-­‐	
  and	
  50-­‐year	
  
consecu,ve	
   overlapping	
   periods	
   (rows)	
   for	
   SLR	
   projec,ons	
   corresponding	
  
to	
  a	
  0.54,	
  0.82,	
  1.5	
  and	
  2m	
  total	
  rise	
   in	
  SL	
  between	
  1990-­‐2100	
  (columns).	
  
Bars	
   show	
   the	
   range	
  of	
   years	
   in	
   the	
  21C	
   for	
  each	
  of	
   the	
  10,000	
   synthe,c	
  
,me-­‐series	
  when	
  the	
  lower	
  95%	
  confidence	
  limit	
  of	
  the	
  trends	
  is	
  higher	
  for	
  
at	
   least	
  1	
  years	
  than	
  the	
  upper	
  95%	
  confidence	
   limit	
  of	
  the	
  trends	
  for	
  the	
  
historic	
  period	
   (i.e.	
  pre-­‐2011).	
  The	
  solid	
   line	
  within	
  each	
  bar	
   indicates	
   the	
  
50th	
  percen,le	
  year.	
  The	
  x-­‐axis	
  show	
  the	
  decade	
  (1	
  is	
  2010,	
  2	
  is	
  2020,	
  etc).	
  

Figure	
   3:	
   Quadra,c	
   trends	
   (mm/yr2)	
   calculated	
   for	
   increasing	
   data	
   periods	
  
rela,ve	
  to	
  different	
  start	
  years	
  (1915	
  of	
  1930)	
  for	
  SLR	
  projec,ons	
  corresponding	
  
to	
  a	
  0.54,	
  0.82,	
  1.5	
  and	
  2m	
  total	
  rise	
  in	
  SL	
  between	
  1990-­‐2100	
  (columns).	
  Bars	
  
show	
   the	
   range	
   of	
   years	
   in	
   the	
   21st	
   century	
   for	
   each	
   of	
   the	
   10,000	
   synthe,c	
  
,me-­‐series	
   when	
   quadra,c	
   trends	
   are	
   sta,s,cally	
   different	
   from	
   zero	
   (SDF0)	
  
(top	
  two	
  sets	
  of	
  panels)	
  or	
  >0.1mm/yr2	
  (bodom	
  two	
  sets	
  of	
  panels).	
  The	
  solid	
  
line	
   within	
   each	
   bar	
   indicates	
   the	
   50th	
   percen,le	
   year.	
   The	
   x-­‐axis	
   show	
   the	
  
decade	
  (1	
  is	
  2010,	
  2	
  is	
  2020,	
  etc).	
  	
  

In	
   regard	
   to	
  ques,on	
  1a;	
  quadra,c	
  
trends	
   are	
   very	
   sensi,vity	
   to	
   the	
  
chosen	
  start	
  year	
  (Fig.	
  3).	
  We	
  focus	
  
on	
   two	
  start	
  years:	
  1915,	
  1930.	
  An	
  
accelera,on	
   significantly	
   different	
  
from	
  zero	
  is	
  apparent	
  in	
  the	
  GR	
  for	
  
1915-­‐2009	
   but	
   not	
   for	
   1930-­‐2009;	
  
whereas	
  trends	
  are	
  not	
  significantly	
  
in	
   the	
   other	
   nine	
   records	
   for	
  
periods	
   star,ng	
   from	
   1880.	
  
Considering	
   data	
   only	
   from	
   1930	
  
o nw a r d s ,	
   a n	
   a c c e l e r a , o n	
  
significantly	
   different	
   from	
   zero	
   is	
  
iden,fied	
   in	
   the	
   GR	
   between	
  
2014-­‐2019,	
   2013-­‐2017,	
   2013-­‐2015	
  
and	
  2013-­‐2014	
  for	
  projec,ons	
  P1-­‐4,	
  
respec,vely	
   (Fig.	
   3e-­‐h).	
   For	
   the	
   SR	
  
t h e	
   c o r r e s p o n d i n g	
   y e a r s ,	
  
considering	
   data	
   only	
   from	
   1930	
  
(1915)	
   onwards,	
   are:	
   2014-­‐2024	
  
( 2 0 1 8 -­‐ 2 0 2 8 ) , 	
   2 0 1 4 -­‐ 2 0 2 0	
  
( 2 0 1 6 -­‐ 2 0 2 3 ) , 	
   2 0 1 3 -­‐ 2 0 1 7	
  
(2015-­‐2018)	
   and	
   2013-­‐2015	
  
(2014-­‐2017).	
   For	
   the	
   individual	
  
loca,ons	
   results	
   are	
   much	
   more	
  
variable.	
  	
  

Regarding	
  ques,on	
  1b;	
  quadra,c	
  trends	
  are	
  not,	
  somewhat	
  surprisingly,	
  likely	
  to	
  
exceed	
  0.1mm/yr2	
  by	
  2100	
  for	
  P1	
  and	
  P2	
  in	
  the	
  10	
  records	
  (Fig.	
  3i,j,m,n).	
  This	
  is	
  
partly	
  because	
  the	
  quadra,c	
  equa,on	
  does	
  not	
  tend	
  to	
  provide	
  a	
  good	
  fit	
  to	
  the	
  
data	
  for	
  P1-­‐P2.	
  However,	
  accelera,ons	
  are	
  likely	
  to	
  exceed	
  this	
  threshold	
  for	
  P3	
  
and	
  P4,	
  but	
  not	
  un,l	
  2050-­‐2070	
  and	
  2035-­‐2053,	
  respec,vely	
  (Fig.	
  3k,l,o,p).	
  	
  


