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th e  UN FCCC fo llo w in g th e  e stab lish m e n t  o f th e  W ar saw M e ch an ism  o n  Lo ss an d  D am age

in  20 13 , wh ich  is to  ‘ad d r e ss lo ss an d  d am age  asso cia te d  w ith  im p acts o f clim ate  ch an ge ,

in clu d in g extr e m e  eve n ts an d  slo w o n se t  eve n ts, in  d eve lo p in g co u n tr ie s th a t  a r e

p ar t icu la r ly  vu ln e r ab le  to  th e  ad ve r se  e ffe cts o f clim ate  ch an ge .’ Lo we r case  le t te r s (lo sse s

an d  d am age s) h ave  b e e n  take n  to  r e fe r  b r o ad ly  to  h ar m  fr o m  (o b se r ve d ) im pacts an d

(p r o je cte d ) risks (se e  M e ch le r  e t  a l., in  p r e ss) .

M alad ap tive  ac tio n s (M alad ap tatio n )

Actio n s th a t  m ay le ad  to  in cr e ase d  risk o f ad ve r se  clim ate - r e la te d  o u tco m e s, in clu d in g v ia

in cr e ase d  GH G  e m issio n s, in cr e ase d  v ulnerability to  clim ate change, o r  d im in ish e d  we lfa r e ,

n o w o r  in  th e  fu tu r e . M alad ap ta t io n  is u su ally  an  u n in te n d e d  co n se q u e n ce .

M arke t e x ch an ge  rate  (M ER)

T h e  r a te  a t  wh ich  a  cu r r e n cy o f o n e  co u n tr y  can  b e  exch an ge d  w ith  th e  cu r r e n cy o f

an o th e r  co u n tr y. In  m o st  e co n o m ie s su ch  r a te s evo lve  d a ily  wh ile  in  o th e r s th e r e  a r e

o fficia l co n ve r sio n  r a te s th a t  a r e  ad ju ste d  p e r io d ica lly. Se e  a lso  Purchasing pow er parity

(PPP).

M arke t failu re

W h e n  p r iva te  d e cisio n s ar e  b ase d  o n  m ar ke t  p r ice s th a t  d o  n o t  r e fle ct  th e  r e a l sca r city  o f

go o d s an d  se r v ice s b u t  r a th e r  r e fle ct  m ar ke t  d isto r t io n s, th ey  d o  n o t  ge n e r a te  an  e fficie n t

a llo ca t io n  o f r e so u r ce s b u t  cau se  we lfar e  lo sse s. A m ar ke t  d isto r t io n  is an y  eve n t  in  wh ich  a

m ar ke t  r e ach e s a  m ar ke t  cle ar in g p r ice  th a t  is su b stan t ia lly  d iffe r e n t  fr o m  th e  p r ice  th a t  a

m ar ke t  wo u ld  ach ieve  w h ile  o p e r a t in g u n d e r  co n d it io n s o f p e r fe ct  co m p e t it io n  an d  sta te

e n fo r ce m e n t  o f le ga l co n t r acts an d  th e  o w n e r sh ip  o f p r iva te  p r o p e r ty. Exam p le s o f facto r s

cau sin g m ar ke t  p r ice s to  d ev ia te  fr o m  r e a l e co n o m ic scar city  a r e  e n vir o n m e n ta l

exte r n a lit ie s, p u b lic go o d s, m o n o p o ly p o we r , in fo r m atio n  asy m m e tr y, t r an sact io n  co sts

an d  n o n - r a t io n a l b e h avio u r .

M e asu re m e n t, Re p o rtin g an d  Ve rif icatio n  (M RV)

M easurem en t

‘P r o ce sse s o f d a ta  co lle ct io n  o ve r  t im e , p r o vid in g b asic d a tase ts, in clu d in g asso cia te d

accu r acy  an d  p r e cisio n , fo r  th e  r an ge  o f r e levan t  var iab le s. Po ssib le  d a ta  so u r ce s a r e  f ie ld

m e asu r e m e n ts, f ie ld  o b se r va t io n s, d e te ct io n  th r o u gh  r e m o te  se n sin g an d  in te r v iews.’ (U N -

RED D , 20 0 9 ) .

R eporting

‘T h e  p r o ce ss o f fo r m al r e p o r t in g o f asse ssm e n t  r e su lts to  th e  U N FC C C , acco r d in g to

p r e d e te r m in e d  fo r m ats an d  acco r d in g to  e stab lish e d  stan d ar d s, e sp e cia lly  th e  IP C C

[In te r go ve r n m e n ta l Pan e l o n  C lim ate  C h an ge] G u id e lin e s an d  G P G [G o o d  P r act ice

G u id an ce].’ (U N -RED D , 20 0 9)

Verification

‘T h e  p r o ce ss o f fo r m al ve r if ica t io n  o f r e p o r ts, fo r  exam p le  th e  e stab lish e d  ap p r o ach  to

ve r ify  n a t io n a l co m m u n ica t io n s an d  n a t io n a l in ve n to r y  r e p o r ts to  th e  U N FC C C .’ (U N -

RED D , 20 0 9 )

M e gad ro u gh t

Se e  Drought .

M e th an e  (CH )

O n e  o f th e  six greenhouse gases (GH Gs) to  b e  m it iga te d  u n d e r  th e  Kyoto Protocol an d  is th e

m ajo r  co m p o n e n t  o f n a tu r a l gas an d  asso cia te d  w ith  a ll h yd r o car b o n  fu e ls. Sign ifican t

e m issio n s o ccu r  as a  r e su lt  o f an im al h u sb an d r y  an d  agr icu ltu r e , an d  th e ir  m an age m e n t

r e p r e se n ts a  m ajo r  m itigation  o p t io n .

M igran t

Se e  M igration .

M igratio n

T h e  In te r n a t io n a l O r gan iza t io n  fo r  M igr a t io n  (IO M ) d e fin e s m igr a t io n  as ‘T h e  m o ve m e n t

o f a p e r so n  o r  a  gr o u p  o f p e r so n s, e ith e r  acr o ss an  in te r n a t io n a l b o r d e r , o r  w ith in  a  Sta te . It

is a  p o p u la t io n  m o ve m e n t , e n co m p assin g an y  k in d  o f m o ve m e n t  o f p e o p le , wh ateve r  its

le n gth , co m p o sit io n  an d  cau se s; it  in clu d e s m igr a t io n  o f r e fu ge e s, d isp lace d  p e r so n s,

e co n o m ic m igr an ts, an d  p e r so n s m o vin g fo r  o th e r  p u r p o se s, in clu d in g fam ily

r e u n ifica t io n .’ (IO M , 20 18) .

M igran t

T h e  In te r n a t io n a l O r gan iza t io n  fo r  M igr a t io n  (IO M ) d e fin e s a  m igr an t  as ‘an y p e r so n  wh o

is m o vin g o r  h as m o ve d  acr o ss an  in te r n a t io n a l b o r d e r  o r  w ith in  a  Sta te  away fr o m  h is/ h e r

h ab itu a l p lace  o f r e sid e n ce , r e gar d le ss o f (1) th e  p e r so n ’s le ga l sta tu s; (2 ) w h e th e r  th e

m o ve m e n t  is vo lu n tar y  o r  in vo lu n tar y ; (3) wh a t  th e  cau se s fo r  th e  m o ve m e n t  a r e ; o r  (4)

wh at  th e  le n gth  o f th e  stay  is.’ (IO M , 20 18) .

Se e  a lso  (In ternal) Displacem en t .

M ille n n iu m  D e ve lo p m e n t Go als (M D Gs)

A se t  o f e igh t  t im e - b o u n d  an d  m e asu r ab le  go als fo r  co m b at in g pov erty, h u n ge r , d ise ase ,

illite r acy, d iscr im in a t io n  again st  wo m e n  an d  e n vir o n m e n ta l d e gr ad at io n . T h e se  go als we r e

agr e e d  a t  th e  U N  M ille n n iu m  Su m m it  in  20 0 0  to ge th e r  w ith  an  act io n  p lan  to  r e ach  th e

go als b y  20 15.

M itigatio n  (o f  c lim ate  ch an ge)

A h u m an  in te r ve n t io n  to  r e d u ce  e m issio n s o r  e n h an ce  th e  sinks o f greenhouse gases.

M itigatio n  be h av io u r

Se e  H um an behav iour.

M itigatio n  m e asu re s

In  clim ate  policy, m it iga t io n  m e asu r e s a r e  te ch n o lo gie s, p r o ce sse s o r  p r act ice s th a t

co n tr ib u te  to  m itigation , fo r  exam p le , r e n ewab le  e n e r gy (RE) te ch n o lo gie s, waste

m in im izat io n  p r o ce sse s an d  p u b lic t r an sp o r t  co m m u tin g p r act ice s. Se e  a lso  M itigation

option , an d  Policies (for clim ate change m itigation and adaptation).

M itigatio n  o p tio n

A te ch n o lo gy o r  p r act ice  th a t  r e d u ce s GH G  e m issio n s o r  e n h an ce s sinks.

M itigatio n  p ath w ay s

Se e  Pathw ays.

M itigatio n  sce n ario

A p lau sib le  d e scr ip t io n  o f th e  fu tu r e  th a t  d e scr ib e s h o w th e  (stu d ie d ) syste m  r e sp o n d s to

th e  im p le m e n ta t io n  o f m itigation  p o licie s an d  m e asu r e s. Se e  a lso  Em ission scenario,

Pathw ays, Socio- econom ic scenario an d  Stabiliz ation (of GH G or CO - equiv alen t concen tration).

M o n ito rin g an d  e valu atio n  (M &E)

M o n ito r in g an d  evalu a t io n  r e fe r s to  m e ch an ism s p u t  in  p lace  a t  n a t io n a l to  lo ca l sca le s to

r e sp e ct ive ly  m o n ito r  an d  evalu a te  e ffo r ts to  r e d u ce  greenhouse gas e m issio n s an d / o r  ad ap t

to  th e  im pacts o f clim ate change w ith  th e  a im  o f syste m atica lly  id e n t ify in g, ch ar acte r iz in g

an d  asse ssin g p r o gr e ss o ve r  t im e .

M o tivatio n  (o f  an  in d iv id u al)

An  in d iv id u al’s r e aso n  o r  r e aso n s fo r  act in g in  a  p ar t icu la r  way ; in d iv id u a ls m ay co n sid e r

var io u s co n se q u e n ce s o f act io n s, in clu d in g fin an cia l, so cia l, a ffe ct ive  an d  e n vir o n m e n ta l

co n se q u e n ce s. M o tiva t io n  can  co m e  fr o m  o u tsid e  (extr in sic) o r  fr o m  in sid e  (in t r in sic) th e

in d iv id u al.

M u ltile ve l go ve rn an ce

Se e  Gov ernance.

N arrative s

Q u alita t ive  d e scr ip t io n s o f p lau sib le  fu tu r e  wo r ld  evo lu t io n s, d e scr ib in g th e  ch ar acte r ist ics,

ge n e r a l lo gic an d  d eve lo p m e n ts u n d e r ly in g a  p ar t icu lar  q u an t ita t ive  se t  o f scenarios.

N ar r a t ive s a r e  a lso  r e fe r r e d  to  in  th e  lite r a tu r e  as ‘sto r y lin e s’. Se e  a lso  Scenario, Scenario

storyline an d  Pathw ays.

N atio n ally  D e te rm in e d  Co n tribu tio n s (N D Cs)

A te r m  u se d  u n d e r  th e  United N ations Fram ew ork Conv en tion on Clim ate Change (UN FCCC)

wh e r e b y a  co u n tr y  th a t  h as jo in e d  th e  Paris Agreem en t o u t lin e s its p lan s fo r  r e d u cin g its

e m issio n s. So m e  co u n tr ie s’ N D C s a lso  ad d r e ss h o w th ey  w ill ad ap t  to  clim ate  ch an ge

im p acts, an d  wh at  su p p o r t  th ey  n e e d  fr o m , o r  w ill p r o v id e  to , o th e r  co u n tr ie s to  ad o p t  lo w-

car b o n  p a th ways an d  to  b u ild  clim ate  r e silie n ce . Acco r d in g to  Ar t icle  4 p ar agr ap h  2  o f th e

Par is Agr e e m e n t , e ach  Par ty  sh a ll p r e p ar e , co m m u n ica te  an d  m ain ta in  su cce ssive  N D C s

th a t  it  in te n d s to  ach ieve . In  th e  le ad  u p  to  21st  Conference of the Parties in  Par is in  20 15,

co u n tr ie s su b m itte d  In te n d e d  N at io n a lly  D e te r m in e d  C o n tr ib u t io n s (IN D C s). As co u n tr ie s

jo in  th e  Par is Agr e e m e n t , u n le ss th ey  d e cid e  o th e r w ise , th is IN D C  b e co m e s th e ir  fir st

N atio n a lly  D e te r m in e d  C o n tr ib u t io n  (N D C ). Se e  a lso  United N ations Fram ew ork Conv en tion

on Clim ate Change (UN FCCC) an d  Paris Agreem en t .

N e gative  e m issio n s

Re m o val o f greenhouse gases (GH Gs) fr o m  th e  atm osphere b y  d e lib e r a te  h u m an  act iv it ie s, i.e .,

in  ad d it io n  to  th e  r e m o val th a t  wo u ld  o ccu r  v ia n a tu r a l carbon cycle p r o ce sse s. Se e  a lso  N et

negativ e em issions, N et z ero em issions, Carbon diox ide rem ov al (CDR ) an d  Greenhouse gas rem ov al

(GGR ).

N e t n e gative  e m issio n s

A situ a t io n  o f n e t  n e gat ive  e m issio n s is ach ieve d  wh e n , as r e su lt  o f h u m an  act iv it ie s, m o r e

greenhouse gases a r e  r e m o ve d  fr o m  th e  atm osphere th an  a r e  e m it te d  in to  it . W h e r e  m u lt ip le

gr e e n h o u se  gase s a r e  in vo lve d , th e  q u an t ifica t io n  o f negativ e em issions d e p e n d s o n  th e

clim ate  m e tr ic ch o se n  to  co m p ar e  e m issio n s o f d iffe r e n t  gase s (su ch  as glo b a l war m in g

p o te n t ia l, glo b al te m p e r a tu r e  ch an ge  p o te n t ia l, an d  o th e r s, as we ll as th e  ch o se n  t im e

h o r izo n ). Se e  a lso  N egativ e em issions, N et z ero em issions an d  N et z ero CO  em issions.

N e t ze ro  CO  e m issio n s

N e t ze r o  carbon diox ide (CO ) e m issio n s ar e  ach ieve d  wh e n  an thropogen ic C O  e m issio n s ar e

b alan ce d  glo b ally  b y  an th r o p o ge n ic C O  r e m o vals o ve r  a  sp e cif ie d  p e r io d . N e t  ze r o  C O

e m issio n s a r e  a lso  r e fe r r e d  to  as car b o n  n e u tr a lity. Se e  a lso  N et z ero em issions an d  N et

negativ e em issions.

 N e t ze ro  e m issio n s

N e t ze r o  e m issio n s ar e  ach ieve d  wh e n  an thropogen ic em issions o f greenhouse gases to  th e

atm osphere a r e  b a lan ce d  b y  an thropogen ic rem ov als o ve r  a  sp e cifie d  p e r io d . W h e r e  m u lt ip le

gr e e n h o u se  gase s a r e  in vo lve d , th e  q u an t ifica t io n  o f n e t  ze r o  e m issio n s d e p e n d s o n  th e

clim ate  m e tr ic ch o se n  to  co m p ar e  e m issio n s o f d iffe r e n t  gase s (su ch  as glo b a l war m in g

p o te n t ia l, glo b al te m p e r a tu r e  ch an ge  p o te n t ia l, an d  o th e r s, as we ll as th e  ch o se n  t im e

h o r izo n ). Se e  a lso  N et z ero CO  em issions, N egativ e em issions an d  N et negativ e em issions.

N itro u s o x id e  (N O )

O n e  o f th e  six greenhouse gases (GH Gs) to  b e  m it iga te d  u n d e r  th e  Kyoto Protocol. T h e  m ain

an thropogen ic so u r ce  o f N O  is agr icu ltu r e  (so il an d  an im al m an u r e  m an age m e n t), b u t

im p o r tan t  co n tr ib u t io n s a lso  co m e  fr o m  sewage  t r e a tm e n t , fossil fuel co m b u st io n , an d

ch e m ica l in d u str ia l p r o ce sse s. N O  is a lso  p r o d u ce d  n a tu r a lly  fr o m  a w id e  var ie ty  o f

b io lo gica l so u r ce s in  so il an d  wate r , p ar t icu lar ly  m icr o b ia l act io n  in  we t  t r o p ica l forests.

N o n -CO  e m issio n s an d  rad iative  fo rc in g

N o n - C O  e m issio n s in clu d e d  in  th is r e p o r t  a r e  a ll an thropogen ic em issions o th e r  th an

CO  th a t  r e su lt  in  radiativ e forcing. T h e se  in clu d e  short- liv ed clim ate forcers, su ch  as m ethane

(CH ), so m e  flu o r in a te d  gase s, oz one (O ) p r e cu r so r s, aerosols o r  ae r o so l precursors, su ch  as

black carbon  an d  su lp h u r  d io xid e , r e sp e ct ive ly, as we ll as lo n g- live d  greenhouse gases, su ch  as

n itrous ox ide (N O) o r  o th e r  flu o r in a te d  gase s. T h e  r ad ia t ive  fo r cin g asso cia te d  w ith  n o n -

C O  e m issio n s an d  ch an ge s in  su r face  albedo is r e fe r r e d  to  as n o n - C O  r ad ia t ive  fo r cin g.

N o n -o ve rsh o o t p ath w ay s

Se e  Pathw ays.

O ce an  ac id if icatio n  (O A)

O ce an  acid ifica t io n  r e fe r s to  a r e d u ct io n  in  th e  pH  o f th e  o ce an  o ve r  an  exte n d e d  p e r io d ,

ty p ica lly  d e cad e s o r  lo n ge r , w h ich  is cau se d  p r im ar ily  b y u p take  o f carbon diox ide (CO )

fr o m  th e  atm osphere, b u t  can  a lso  b e  cau se d  b y  o th e r  ch e m ica l ad d it io n s o r  su b tr act io n s

fr o m  th e  o ce an . Anthropogen ic o ce an  acid ifica t io n  r e fe r s to  th e  co m p o n e n t  o f p H  r e d u ct io n

th a t  is cau se d  b y  h u m an  act iv ity  (IP C C , 20 11, p . 37) .

O ce an  fe rtilizatio n

D e lib e r a te  in cr e ase  o f n u tr ie n t  su p p ly  to  th e  n e ar - su r face  o ce an  in  o r d e r  to  e n h an ce

b io lo gica l p r o d u ct io n  th r o u gh  wh ich  ad d it io n a l carbon diox ide (CO ) fr o m  th e  atm osphere is

se q u e ste r e d . T h is can  b e  ach ieve d  b y th e  ad d it io n  o f m icr o - n u tr ie n ts o r  m acr o - n u tr ie n ts.

O ce an  fe r t iliza t io n  is r e gu la te d  b y th e  Lo n d o n  P r o to co l.

O ve rsh o o t

Se e  Tem perature ov ershoot .

O ve rsh o o t p ath w ay s

Se e  Pathw ays.

O zo n e  (O )

O zo n e , th e  t r ia to m ic fo r m  o f o xyge n  (O ), is a  gase o u s a tm o sp h e r ic co n st itu e n t . In  th e

troposphere, it  is cr e a te d  b o th  n a tu r a lly  an d  b y  p h o to ch e m ica l r e act io n s in vo lv in g gase s

r e su lt in g fr o m  h u m an  act iv it ie s (sm o g). T r o p o sp h e r ic o zo n e  acts as a  greenhouse gas. In  th e

stratosphere, it  is cr e a te d  b y  th e  in te r act io n  b e twe e n  so lar  u lt r av io le t  r ad ia t io n  an d

m o le cu lar  o xyge n  (O ). Str a to sp h e r ic o zo n e  p lays a d o m in an t  r o le  in  th e  st r a to sp h e r ic

r ad ia t ive  b a lan ce . Its co n ce n tr a t io n  is h igh e st  in  th e  o zo n e  laye r .
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Paris Agre e m e n t

T h e  Par is Agr e e m e n t  u n d e r  th e  United N ations Fram ew ork Conv en tion on Clim ate Change

(UN FCCC) was ad o p te d  o n  D e ce m b e r  20 15 in  Par is, Fr an ce , a t  th e  21st  se ssio n  o f th e

Conference of the Parties (COP) to  th e  U N FC C C . T h e  agr e e m e n t , ad o p te d  b y  19 6  Par t ie s to  th e

U N FC C C , e n te r e d  in to  fo r ce  o n  4 N o ve m b e r  20 16  an d  as o f M ay 20 18 h ad  19 5 Sign a to r ie s

an d  was r a t ifie d  b y  177 Par t ie s. O n e  o f th e  go a ls o f th e  Par is Agr e e m e n t  is ‘H o ld in g th e

in cr e ase  in  th e  glo b al ave r age  te m p e r a tu r e  to  we ll b e lo w 2°C  ab o ve  p r e - in d u str ia l leve ls an d

p u r su in g e ffo r ts to  lim it  th e  te m p e r a tu r e  in cr e ase  to  1.5°C  ab o ve  p r e - in d u str ia l leve ls’,

r e co gn isin g th a t  th is wo u ld  sign ifican t ly  r e d u ce  th e  r isks an d  im p acts o f clim ate  ch an ge .

Ad d it io n a lly, th e  Agr e e m e n t  a im s to  str e n gth e n  th e  ab ility  o f co u n tr ie s to  d e a l w ith  th e

im p acts o f clim ate  ch an ge . T h e  Par is Agr e e m e n t  is in te n d e d  to  b e co m e  fu lly  e ffe ct ive  in

20 20 . Se e  a lso  United N ations Fram ew ork Conv en tion on Clim ate Change (UN FCCC), Kyoto

Protocol an d  N ationally Determ ined Con tributions (N DCs).

Partic ip ato ry  go ve rn an ce

Se e  Gov ernance.

Path w ay s

T h e  te m p o r a l evo lu t io n  o f n a tu r a l an d / o r  hum an system s to war d s a  fu tu r e  sta te . P a th way

co n ce p ts r an ge  fr o m  se ts o f q u an t ita t ive  an d  q u alita t ive  scenarios o r  narrativ es o f p o te n t ia l

fu tu r e s to  so lu t io n - o r ie n te d  d e cisio n - m akin g p r o ce sse s to  ach ieve  d e sir ab le  so cie ta l go als.

Pa th way ap p r o ach e s ty p ica lly  fo cu s o n  b io p h ysica l, te ch n o - e co n o m ic, an d / o r  so cio -

b e h av io u r a l t r a je cto r ie s an d  in vo lve  var io u s d y n am ics, go als an d  acto r s acr o ss d iffe r e n t

sca le s.

1.5°C pathw ay

A p ath way o f e m issio n s o f greenhouse gases an d  o th e r  clim ate  fo r ce r s th a t  p r o vid e s an

ap p r o xim ate ly  o n e - in - two  to  two - in - th r e e  ch an ce , give n  cu r r e n t  kn o w le d ge  o f th e  clim ate

r e sp o n se , o f global w arm ing e ith e r  r e m ain in g b e lo w 1.5°C  o r  r e tu r n in g to  1.5°C  b y  ar o u n d

210 0  fo llo w in g an  ov ershoot . Se e  a lso  Tem perature ov ershoot .

Adaptation pathw ays

A se r ie s o f adaptation  ch o ice s in vo lv in g t r ad e - o ffs b e twe e n  sh o r t - te r m  an d  lo n g- te r m  go als

an d  va lu e s. T h e se  ar e  p r o ce sse s o f d e lib e r a t io n  to  id e n t ify  so lu t io n s th a t  a r e  m e an in gfu l to

p e o p le  in  th e  co n text  o f th e ir  d a ily  live s an d  to  avo id  p o te n t ia l m aladaptation .

Dev elopm en t pathw ays

D eve lo p m e n t  p a th ways ar e  t r a je cto r ie s b ase d  o n  an  ar r ay  o f so cia l, e co n o m ic, cu ltu r a l,

te ch n o lo gica l, in stitutional an d  b io p h y sica l fe a tu r e s th a t  ch ar acte r ise  th e  in te r act io n s

b e twe e n  h u m an  an d  n a tu r a l sy ste m s an d  o u tlin e  v isio n s fo r  th e  fu tu r e , a t  a  p ar t icu lar  sca le .

Em ission pathw ays

M o d e lle d  tr a je cto r ie s o f glo b al an thropogen ic em issions o ve r  th e  21st  ce n tu r y  ar e  te r m e d

e m issio n  p a th ways.

M itigation pathw ays

A m itiga t io n  p a th way is a  te m p o r a l evo lu t io n  o f a  se t  o f m itigation scenario fe a tu r e s, su ch  as

greenhouse gas e m issio n s an d  so cio - e co n o m ic d eve lo p m e n t .

Ov ershoot pathw ays

Path ways th a t  exce e d  th e  stab iliza t io n  leve l (co n ce n tr a t io n , forcing, o r  te m p e r a tu r e) b e fo r e

th e  e n d  o f a  t im e  h o r izo n  o f in te r e st  (e .g., b e fo r e  210 0 ) an d  th e n  d e clin e  to war d s th a t  leve l

b y  th a t  t im e . O n ce  th e  ta r ge t  leve l is exce e d e d , r e m o val b y  sinks o f greenhouse gases is

r e q u ir e d . Se e  a lso  Tem perature ov ershoot .

N on- ov ershoot pathw ays

Path ways th a t  stay  b e lo w th e  stab iliza t io n  leve l (co n ce n tr a t io n , forcing, o r  te m p e r a tu r e)

d u r in g th e  t im e  h o r izo n  o f in te r e st  (e .g., u n t il 210 0 ).

R epresen tativ e Concen tration Pathw ays (RCPs)

Scenarios th a t  in clu d e  t im e  se r ie s o f e m issio n s an d  co n ce n tr a t io n s o f th e  fu ll su ite  o f

greenhouse gases (GH Gs) an d  aerosols an d  ch e m ica lly  act ive  gase s, as we ll as land use/ lan d

co ve r  (M o ss e t  a l., 20 0 8 ) . T h e  wo r d  r e p r e se n ta t ive  sign ifie s th a t  e ach  RC P p r o vid e s

o n ly  o n e  o f m an y p o ssib le  sce n ar io s th a t  wo u ld  le ad  to  th e  sp e cific radiativ e forcing

ch ar acte r ist ics. T h e  te r m  p ath way e m p h asize s th e  fact  th a t  n o t  o n ly  th e  lo n g- te r m

co n ce n tr a t io n  leve ls b u t  a lso  th e  t r a je cto r y  take n  o ve r  t im e  to  r e ach  th a t  o u tco m e  ar e  o f

in te r e st  (M o ss e t  a l., 20 10 ) . RC Ps we r e  u se d  to  d e ve lo p  clim ate projections in  C M IP5.

RC P 2 .6 : O n e  p ath way wh e r e  r ad ia t ive  fo r cin g p e aks a t  ap p r o xim ate ly  3  W  m  an d

th e n  d e clin e s to  b e  lim ite d  a t  2 .6  W  m  in  210 0  (th e  co r r e sp o n d in g Exte n d e d

C o n ce n tr a t io n  Path way, o r  EC P, h as co n stan t  e m issio n s afte r  210 0 ).

RC P4.5 an d  RC P 6 .0 : Two  in te r m e d ia te  stab iliza t io n  p a th ways in  w h ich  r ad ia t ive

fo r cin g is lim ite d  a t  ap p r o xim ate ly  4.5 W  m  an d  6 .0  W  m  in  210 0  (th e

co r r e sp o n d in g EC Ps h ave  co n stan t  co n ce n tr a t io n s a fte r  2150 ).

RC P 8.5: O n e  h igh  p a th way wh ich  le ad s to  >8.5 W  m  in  210 0  (th e  co r r e sp o n d in g EC P

h as co n stan t  e m issio n s afte r  210 0  u n t il 2150  an d  co n stan t  co n ce n tr a t io n s a fte r  2250 ).

Se e  a lso  Coupled M odel In tercom parison Project (CM IP) an d  Shared Socio- econom ic Pathw ays

(SSPs).

 

Shared Socio- econom ic Pathw ays (SSPs)

Sh ar e d  So cio - e co n o m ic Pa th ways (SSPs) we r e  d eve lo p e d  to  co m p le m e n t  th e  RCPs w ith

var y in g so cio - e co n o m ic ch a lle n ge s to  adaptation  an d  m itigation  (O ’N e ill e t  a l., 20 14) .

Base d  o n  five  narrativ es, th e  SSPs d e scr ib e  a lte r n a t ive  so cio - e co n o m ic fu tu r e s in  th e

ab se n ce  o f clim ate  policy in te r ve n t io n , co m p r isin g su sta in ab le  d eve lo p m e n t  (SSP 1), r e gio n a l

r iva lr y  (SSP 3), in e q u ality  (SSP4), fo ssil– fu e lle d  d eve lo p m e n t  (SSP5) an d  m id d le - o f- th e - r o ad

d eve lo p m e n t  (SSP 2) (O ’N e ill, 20 0 0 ; O ’N e ill e t  a l., 20 17; R iah i e t  a l., 20 17) . T h e

co m b in a t io n  o f SSP- b ase d  so cio - e co n o m ic scenarios an d  Re p r e se n ta t ive  C o n ce n tr a t io n

Pa th way (RC P )- b ase d  clim ate projections p r o vid e s an  in te gr a t ive  fr am e  fo r  clim ate  im pact  an d

p o licy  an a ly sis.

T ransform ation pathw ays

Tr aje cto r ie s d e scr ib in g co n siste n t  se ts o f p o ssib le  fu tu r e s o f greenhouse gas (GH G) e m issio n s,

a tm o sp h e r ic co n ce n tr a t io n s, o r  global m ean surface tem peratures im p lie d  fr o m  m itigation  an d

adaptation  act io n s asso cia te d  w ith  a  se t  o f b r o ad  an d  ir r eve r sib le  e co n o m ic, te ch n o lo gica l,

so cie ta l an d  b e h avio u r a l ch an ge s. T h is can  e n co m p ass ch an ge s in  th e  way e n e r gy  an d

in fr ast r u ctu r e  a r e  u se d  an d  p r o d u ce d , n a tu r a l r e so u r ce s a r e  m an age d  an d  in stitutions a r e  se t

u p  an d  in  th e  p ace  an d  d ir e ct io n  o f te ch n o lo gica l ch an ge .

Se e  a lso  Scenario, Scenario storyline, Em ission scenario, M itigation scenario, Baseline scenario,

Stabiliz ation (of GH G or CO - equiv alen t concen tration) an d  N arrativ es.

Pe ri- u rban  are as

Pe r i- u r b an  ar e as a r e  th o se  p ar ts o f a  city  th a t  ap p e ar  to  b e  q u ite  r u r a l b u t  a r e  in  r e a lity

st r o n gly  lin ke d  fu n ctio n a lly  to  th e  city  in  its d a ily  act iv it ie s.

Pe rm afro st

G r o u n d  (so il o r  r o ck an d  in clu d e d  ice  an d  o r gan ic m ate r ia l) th a t  r e m ain s a t  o r  b e lo w 0 °C

fo r  a t  le ast  two  co n se cu t ive  ye ar s.

pH

p H  is a  d im e n sio n le ss m e asu r e  o f th e  acid ity  o f a  so lu t io n  give n  b y  its co n ce n tr a t io n  o f

h yd r o ge n  io n s ([H ]). p H  is m e asu r e d  o n  a lo gar ith m ic sca le  wh e r e  p H  = - lo g [H ]. T h u s, a

p H  d e cr e ase  o f 1 u n it  co r r e sp o n d s to  a  10 - fo ld  in cr e ase  in  th e  co n ce n tr a t io n  o f H , o r

acid ity .

Plu g- in  h y brid  e le c tric  ve h ic le  (PH EV)

Se e  Electric v ehicle (EV ).

Po lic ie s (fo r c lim ate  ch an ge  m itigatio n  an d  ad ap tatio n )

Po licie s a r e  take n  an d / o r  m an d a te d  b y  a  go ve r n m e n t  –  o fte n  in  co n ju n ct io n  w ith  b u sin e ss

an d  in d u str y  w ith in  a sin gle  co u n tr y, o r  co lle ct ive ly  w ith  o th e r  co u n tr ie s –  to  acce le r a te

m itigation  an d  adaptation  m e asu r e s. Exam p le s o f p o licie s a r e  su p p o r t  m e ch an ism s fo r

r e n ewab le  e n e r gy su p p lie s, car b o n  o r  e n e r gy  taxe s, fu e l e fficie n cy  stan d ar d s fo r

au to m o b ile s, e tc.

Po litical e co n o m y

T h e  se t  o f in te r lin ke d  r e la t io n sh ip s b e twe e n  p e o p le , th e  sta te , so cie ty  an d  m ar ke ts as

d e fin e d  b y  law, p o lit ics, e co n o m ics, cu sto m s an d  p o we r  th a t  d e te r m in e  th e  o u tco m e  o f

t r ad e  an d  t r an sact io n s an d  th e  d istr ib u t io n  o f we alth  in  a  co u n tr y  o r  e co n o m y.

Po ve rty

Po ve r ty  is a  co m p lex co n ce p t  w ith  seve r a l d e fin it io n s ste m m in g fr o m  d iffe r e n t  sch o o ls o f

th o u gh t . It  can  r e fe r  to  m ate r ia l cir cu m stan ce s (su ch  as n e e d , p a t te r n  o f d e p r iva t io n  o r

lim ite d  r e so u r ce s), e co n o m ic co n d it io n s (su ch  as stan d ar d  o f liv in g, inequality o r  e co n o m ic

p o sit io n ) an d / o r  so cia l r e la t io n sh ip s (su ch  as so cia l class, d e p e n d e n cy, exclu sio n , lack o f

b asic se cu r ity  o r  lack o f e n t it le m e n t). Se e  a lso  Pov erty eradication .

Po ve rty  e rad icatio n

A se t  o f m e asu r e s to  e n d  pov erty in  a ll its fo r m s eve r y wh e r e . Se e  a lso  Sustainable Dev elopm en t

Goals (SDGs).

Pre cu rso rs

Atm o sp h e r ic co m p o u n d s th a t  a r e  n o t  greenhouse gases (GH Gs) o r  aerosols, b u t  th a t  h ave  an

e ffe ct  o n  G H G o r  ae r o so l co n ce n tr a t io n s b y  tak in g p ar t  in  p h ysica l o r  ch e m ical p r o ce sse s

r e gu la t in g th e ir  p r o d u ctio n  o r  d e str u ct io n  r a te s. Se e  a lso  Aerosol an d  Greenhouse gas (GH G).

Pre - in d u strial

T h e  m u lt i- ce n tu r y  p e r io d  p r io r  to  th e  o n se t  o f la r ge - sca le  in d u str ia l act iv ity  a r o u n d  1750 .

T h e  reference period  1850 – 19 0 0  is u se d  to  ap p r o xim ate  p r e - in d u str ia l global m ean surface

tem perature (GM ST ). Se e  a lso  Industrial rev olution .

Pro ce d u ral e qu ity

Se e  Equity .

Pro ce d u ral ju stice

Se e  Justice.

Pro ce d u ral righ ts

Se e  H um an rights.
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IPCC, 2018: Annex I: Glossary [Matthews, J.B.R. (ed.)]. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and 
related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change, sustainable development, and efforts to eradicate 
poverty [Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pi rani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. 
Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 541-562, doi:10.1017/9781009157940.008.
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Figure SPM.10 in IPCC, 2021: Summary for Policymakers. In: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental 

Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pi rani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. 
Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press, Cambridge, UK and New York, NY,USA, pp. 3−32, doi: 10.1017/9781009157896.001



Net Zero Digital Research Infrastructure
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https://net-zero-dri.ceda.ac.uk



HPC & CO2 emissions
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o Power reported for Top10 

systems over the past 5 

years

o #1 system ranges from 

9.7MW to 30MW

o #10 system in Nov’22 has 

3rd highest power draw

o Only in 2022 all Top10 

systems submitted power

o Accumulative power for 

Top10 in 2022: 120MW
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Fugaku
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normalized to Frontier

o >1 means “better”

o HPL % of peak close to 

Frontier for all systems

o 70-75% on average

o Green500 list uses HPL 

power to evaluate efficiency

o “HPCG” energy efficiency 

assumes 50% of HPL power
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Impact of inefficient I/O configuration
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o Node-level power measurement

o Each line represents power draw for 1 node

o Full system, 34 nodes in total

o Idle power draw: 213W

o Two identical aerodynamics simulations 

with OpenFOAM using 32 nodes

o On the left: no I/O

o On the right: excessive I/O
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o Node-level power measurement

o Each line represents power draw for 1 node

o Full system, 34 nodes in total

o Idle power draw: 213W

o Two identical aerodynamics simulations 

with OpenFOAM using 32 nodes

o On the left: no I/O

o On the right: excessive I/O



Impact of inefficient I/O configuration

1st December 2022 CIUK, Manchester

o Node-level power measurement

o Each line represents power draw for 1 node

o Full system, 34 nodes in total

o Idle power draw: 213W

o Two identical aerodynamics simulations 

with OpenFOAM using 32 nodes

o On the left: no I/O

o On the right: excessive I/O



Impact of inefficient I/O configuration
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o Node-level power measurement

o Each line represents power draw for 1 node

o Full system, 34 nodes in total

o Idle power draw: 213W

o Two identical aerodynamics simulations 

with OpenFOAM using 32 nodes

o On the left: no I/O

o On the right: excessive I/O

o Excessive I/O means network contention & 

frequent stalling

530W & 

20mins

220-530W 

& 200mins



CPU clock frequency

o Frequency ∝ power draw

oOften taken care of by Dynamic Voltage & 

Frequency Scaling (DVFS)

o Heat and power management

o Influenced by governor

oMight not do what you expect…

oSimple test on Cirrus (Intel Broadwell)

o FIRESTARTER → 2.2GHz

o HPCG → 2.4GHz

o OpenFOAM (simpleFoam) → 2.6GHz

1st December 2022

Very compute bound, CPU runs hot!

Very memory bound, CPU runs cool!

High CPU frequency 

on memory bound 

application is wasteful

CIUK, Manchester



Frequency scaling & STREAM
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o Marvell ThunderX2 Arm-based 

test system

o Influencing CPU frequency using 

different governors

o CPU can boost up to 2.5GHz

o Default is 2.2GHz

“performance” governor

Triad: 242GB/s at 235W “userspace 2.0G” governor

Triad: 221GB/s at 189W

CIUK, Manchester

→ 9.5% reduction in performance

→ 24% reduction in power



Frequency and memory scaling & STREAM
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o Marvell ThunderX2 Arm-based 

test system

o Influencing CPU frequency 

using different governors

o Influencing memory subsystem 
frequency by enabling 

memturbo

o Increased from 2.2 to 2.3GHz

o CPU can no longer boost and is 

limited to 2.2GHz

“performance” governor

Triad: 242GB/s at 225W
“userspace 2.0G” governor

Triad: 237GB/s at 204W

“userspace 1.2G” governor

Triad: 242GB/s at 178W

CIUK, Manchester

Compared to default

→ 0% reduction in performance
→ 32% reduction in power



EPCC’s path towards Net Zero
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Long term investment

oData centre efficiency requires long 

term strategic investment

o There is of an (inevitable) upfront cost in 

emissions

oOldest ACF machine room from 1970s

o Infrastructure must support new 

developments in power and cooling
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Renewable energy

Procured using 100% certified renewable energy framework 

agreement

✓Renewable Energy Guarantee of Origin (REGO)

✓Classed as Net Zero

Both cost and carbon efficient

1st December 2022 CIUK, Manchester

https://www.gov.scot/publications/electricity-framework-agreement/

So, job done?

Well not quite!



Weather at the ACF
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https://www.meteoblue.com/en/weather/historyclimate

Free cooling!

Warm water is pumped 

to the roof, outside air & 

fans chill it

Storm Arwen…



Other forms of cooling we use
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Direct liquid 
cooling

Adiabatic 
cooling

Temperature 
controlled racks



Geothermal battery feasibility project
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Problem: We want to be able to reuse our excess heat, but nowhere nearby can use it

Solution: Move the heat to where it is useful



EPYC modes

oPower deterministic 

o Allows the highest possible performance

o CPU will run as fast as it can for given TDP or 

power input – might vary
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oPerformance deterministic

o Will deliver the same predictable performance 

across CPUs

o Might result in slightly different power 

consumption

Enabled performance deterministic 

mode on ARCHER2 in May

Saving ~300kW



ARCHER2 CPU frequency reduction
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➢ Investigating reducing default CPU frequency 

from 2.25GHz to 2.0GHz

➢ Allow users to override this default, provide 

higher frequency defaults for some codes

VASP  TiO2

CASTEP Al Slab

Benchmark (single 

node)

Energy Performance

VASP (TiO2) -20% -1%

CASTEP (Al Slab) -13% -1%

GROMACS (1400k 

atoms)*

-5% -15%

OpenSBLI (TGV 

512ss)

-20% -5%

LAMMPS (LJ 8M 

atoms)**

-4% -21%

NAMD (STMV 1M 

atoms)**

-5% -33%

Summary of relative energy and performance 

at 2.00 GHz, compared to 2.25 GHz

* Data from Laura Moran, EPCC

** Data from Douglas Shanks, HPE



o Collect information on requirements & constraints to inform overall policy decisions
o Example: UKRI policy is that all data should be maintained indefinitely - what are the net zero implications of that 

policy?

o Benchmarking the total energy usage of codes with & without accelerator (GPU and/or FPGA) devices

o Determine energy advantage & evaluate how easy (or hard) it currently is to make such measurements 

on UK DRI 

o ENERGETIC discussion workshop on Friday afternoon at CIUK - all are welcome!

o What energy/power data can be extracted from HPC jobs & how it can be used to make decisions to 

support Net Zero goals?

o Used data from ARCHER2 & DiRAC COSMA to understand energy density of research areas/software

o Reports on energy-based charging strategies & energy/power metrics

o HPC-JEEP are presenting in the UKRI Net Zero DRI Project session (Friday morning) 

o Taking snapshots of IRIS digital research infrastructure energy consumption over fixed periods of usage

o Developing a carbon model to evaluate the overall carbon usage of IRIS for those periods, taking into 

account active usage (energy used during the runs) and embodied usage (carbon spent building & 

providing the DRI)

EPCC’s contributions to Net Zero DRI project
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ARCHER2 Net Zero Case Study

oCommissioned by Net Zero DRI project

oAim is to understand the emissions 
resulting from the operation of the 
ARCHER2 service

oCase Study to be published in 2023
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Power, cooling and heat re-use

Minimising emissions

System software changes for energy reduction

Energy utilisation at the application level

Influencing user behaviour



Education

oEducation is key – enable developers/users/system providers to understand 

implications of their choices

oAs a University department and national service provider, one of our core missions

oEPCC’s MSc in HPC has included lectures on power & energy efficiency for several 

years
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Efficient software is important → the developers’ responsibility

Efficient use of software is equally important → the users’ responsibility

Deployment of software is important → the system providers’ responsibility



Final thoughts

HPC systems are scientific instruments that are used to find solutions to 

many of the problems humanity faces

→ to discover new vaccines

→ to design new renewable energy solutions

→ and even to model the climate, in order to more accurately predict 

climate change and its impact

1st December 2022 CIUK, Manchester

Significantly reducing scientific throughput is a false economy

Net Zero HPC must be achieved in a fair manner while maintaining, or indeed 

increasing, the amount of science we do



Net Zero HPC is not just  a “noble dream”…

oVery much an inescapable reality

oProvided a perspective from EPCC’s 

point of view

oAll centres/sites will be different, but 

striving for operationally efficiency must 

be at the heart

oRenewable energy provision is key

oChallenge is that (global) demand is 

continuously growing
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Many thanks to my 
EPCC colleagues!

Oliver Brown
Paul Clark
Adrian Jackson
Nick Johnson
Mark Parsons
Andy Turner


