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§  Changes	
   in	
   air	
   temperature	
   and	
   precipita2on	
   associated	
   with	
  
climate	
  change	
  are	
  likely	
  to	
  alter	
  inputs	
  of	
  fresh	
  water,	
  sediment,	
  
and	
  nutrients	
  from	
  the	
  watershed	
  to	
  the	
  bay	
  

	
  
§  Climate-­‐induced	
  changes	
  in	
  streamflow	
  and	
  loads	
  of	
  nutrients	
  and	
  

sediments	
   have	
   been	
   iden2fied	
   as	
   some	
   of	
   the	
   largest	
  
uncertain2es	
  in	
  the	
  Chesapeake	
  Bay’s	
  response	
  to	
  climate	
  forcing	
  
(Najjar	
  et	
  al.,	
  2010).	
  

§  OBJECTIVE:	
   to	
   assess	
   how	
   future	
   climate	
   change	
   will	
   affect	
  
streamflow,	
  nutrients,	
  and	
  sediment	
  in	
  the	
  Chesapeake	
  Bay	
  
watershed	
  

	
  



Methods	
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§  Watershed	
  fluxes	
  were	
  simulated	
  using	
  HSPF*	
  5.3.0	
  model	
  of	
  the	
  
Chesapeake	
  Bay	
  watershed	
  (Bicknell	
  et	
  al.,	
  1997;	
  USEPA,	
  2010	
  )	
  

§  Output	
  of	
  six	
  General	
  Circula2on	
  Models	
  (GCMs)	
  was	
  used	
  to	
  create	
  forcing	
  
for	
  the	
  climate-­‐change	
  runs	
  of	
  the	
  hydrological	
  model	
  (Hay	
  et	
  al.,	
  2011)	
  
•  A2	
  emissions	
  scenario	
  (high-­‐end,	
  atmospheric	
  CO2~750	
  ppm	
  by	
  2090)	
  
•  only	
  changes	
  in	
  the	
  mean	
  annual	
  cycles	
  of	
  T	
  and	
  P;	
  no	
  changes	
  in	
  

variability	
  
	
  

§  10-­‐year	
  simula2ons	
  of	
  the	
  hydrological	
  model	
  
•  baseline:	
  1990	
  –	
  1999	
  
•  climate-­‐change	
  runs:	
  2086	
  –	
  2095	
  

§  Change	
  (Δ)	
  =	
  climate	
  run	
  –	
  base	
  run	
  
	
  
§  Watershed-­‐wide	
  results	
  

§  Quan2fied	
  separate	
  effects	
  of	
  PRECIP,	
  PET,	
  and	
  TEMP	
  	
  



GCMs	
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id	
   GCM	
  	
   Origina,ng	
  group	
  
b20	
   BCCR-­‐BCM2.0	
   Bjerknes	
  Centre	
  for	
  Climate	
  Research,	
  Norway	
  

c30	
   CSIRO-­‐Mk3.0	
   Commonwealth	
  Scien2fic	
  and	
  Industrial	
  Research	
  Organiza2on,	
  Australia	
  

c35	
   CSIRO-­‐Mk3.5	
   Commonwealth	
  Scien2fic	
  and	
  Industrial	
  Research	
  Organiza2on,	
  Australia	
  

i0x	
   INM-­‐CM3.0	
   Ins2tute	
  for	
  Numerical	
  Mathema2cs,	
  Russia	
  	
  

m2s	
   MIROC3.2(medres)	
   Na2onal	
  Ins2tute	
  for	
  Environmental	
  Studies,	
  Japan	
  	
  

n30	
   NCAR-­‐CCSM3	
   Na2onal	
  Center	
  for	
  Atmospheric	
  Research,	
  USA	
  	
  

•  Monthly	
  mean	
  T	
  and	
  P	
  from	
  the	
  mul2-­‐model	
  dataset	
  archive	
  of	
  the	
  World	
  Climate	
  
Research	
  Programme	
  Coupled	
  Model	
  Intercomparison	
  Project,	
  phase	
  3	
  (CMIP3)	
  	
  	
  

	
  	
  	
  	
  	
  	
  h@p://www-­‐pcmdi.llnl.gov/ipcc/model_documenta2on/ipcc_model_documenta2on.php	
  
	
  



Forcing:	
  precipita2on	
  (P)	
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BCCR−BCM2.0
CSIRO−Mk3.0
CSIRO−Mk3.5
INM−CM3.0
MIROC3.2(medres)
CCSM3

•  Considerable	
  variability	
  in	
  P	
  projec2ons	
  
•  Winter	
  and	
  spring	
  P	
  increases,	
  on	
  average	
  
•  	
  Summer	
  and	
  fall	
  P	
  decreases,	
  on	
  average	
  
•  Projected	
  changes	
  are	
  within	
  the	
  bounds	
  of	
  interannual	
  variability	
  

Annual	
  summary	
  [m	
  yr-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   1.1	
   0.2	
   0.9	
   1.4	
  
Projected	
  changes	
   +0.02	
  (2	
  %)	
   0.14	
  (12	
  %)	
   -­‐0.13	
  (12%)	
   +0.17	
  (15	
  %)	
  

%	
  changes	
  calculated	
  rela2ve	
  to	
  the	
  baseline	
  annual	
  average	
  



Forcing:	
  atmospheric	
  temperature	
  (T)	
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BCCR−BCM2.0
CSIRO−Mk3.0
CSIRO−Mk3.5
INM−CM3.0
MIROC3.2(medres)
CCSM3

•  All	
  GCMs	
  project	
  warming	
  in	
  every	
  season	
  
•  Largest	
  warming	
  in	
  the	
  summer	
  
•  Projected	
  warming	
  is	
  outside	
  the	
  bounds	
  of	
  interannual	
  variability	
  

Annual	
  summary	
  [°C]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
  	
   11.0	
   0.8	
   10.2	
   12.3	
  
Projected	
  changes	
  	
   4.0	
  	
   0.8	
  	
   3.3	
  	
   5.4	
  	
  



HSPF	
  derived:	
  poten2al	
  evapotranspira2on	
  (PET)	
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•  HSPF	
  uses	
  Hammon	
  (1963)	
  parameteriza2on	
  for	
  PET	
  
•  All	
  GCM-­‐projected	
  T	
  changes	
  result	
  in	
  PET	
  increase	
  in	
  every	
  season	
  
•  Model	
  PET	
  change	
  is	
  far	
  outside	
  the	
  bounds	
  of	
  interannual	
  variability	
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BCC
CSIRO30
CSIRO35
INM
MIROC
NCAR

Annual	
  summary	
  [m	
  yr-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   0.71	
   0.03	
   0.66	
   0.76	
  
Projected	
  changes	
   +0.19	
  (27	
  %)	
   0.04	
  (6	
  %)	
   0.15(22%)	
   +0.25	
  (36	
  %)	
  



Summary	
  of	
  projected	
  changes	
  in	
  forcing	
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mean annual summary for 6 models

•  Projected	
  annual	
  changes	
  in	
  T	
  and	
  P	
  for	
  the	
  six	
  models	
  are	
  nega2vely	
  
correlated,	
  so	
  models	
  that	
  get	
  drier	
  tend	
  to	
  warm	
  more	
  than	
  models	
  
that	
  get	
  we@er	
  

•  Lower	
  soil	
  moisture	
  due	
  to	
  lower	
  precipita2on	
  would	
  lead	
  to	
  a	
  
decreased	
  latent	
  cooling	
  and,	
  thus,	
  more	
  warming	
  for	
  a	
  given	
  amount	
  
of	
  incident	
  solar	
  radia2on	
  



Response	
  to	
  full	
  forcing	
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FORCING	
   RESPONCE	
  



Comparison	
  to	
  other	
  studies	
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Najjar	
  et	
  al.	
  2009	
  
•  End	
  of	
  21st	
  	
  century	
  
•  Mid-­‐Atlan2c	
  region,	
  coupled	
  models	
  
•  Large	
  variability:	
  ΔQ	
  from	
  -­‐39	
  to	
  +33	
  %	
  

Meehl	
  et	
  al.	
  2007,	
  IPCC	
  4AR	
  
•  End	
  of	
  21st	
  	
  century	
  	
  
•  Coupled	
  models	
  
•  15-­‐model	
  mean	
  projec2ons	
  
•  	
  ΔQ	
  =	
  +	
  0.1	
  mm	
  d-­‐1	
  =	
  0.04	
  m	
  yr-­‐1	
  	
  	
  

Annual	
  Q	
  summary	
  [m	
  yr-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   0.5	
   0.1	
   0.3	
   0.8	
  
HSPF	
  projec2ons	
   -­‐0.11	
  (25	
  %)	
   0.11	
  (25	
  %)	
   -­‐0.24	
  (51%)	
   +0.03	
  (6	
  %)	
  

This	
  study	
  	
  	
  

Hay	
  et	
  al.	
  2011	
  
•  End	
  of	
  21st	
  	
  century	
  projec2ons	
  	
  
•  Hydrological	
  models	
  for	
  14	
  U.S.	
  watersheds	
  
•  ΔQ	
  <	
  0	
  for	
  almost	
  all	
  watersheds	
  

Milly	
  and	
  Dunne	
  2011	
  
•  Uncoupled	
  simula2ons	
  may	
  lead	
  to	
  

unrealis2cally	
  large	
  flow	
  reduc2ons:	
  
empirical	
  PET	
  formula2ons	
  calibrated	
  
in	
  the	
  present	
  climate	
  might	
  cause	
  an	
  
overes2ma2on	
  of	
  ET	
  when	
  used	
  for	
  
future	
  climate	
  condi2ons	
  



Response	
  to	
  PRECIP	
  forcing	
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Response	
  to	
  TEMP	
  forcing	
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Response	
  to	
  PET	
  forcing	
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Response	
  summary	
  

15	
  individual	
  models	
  are	
  shown	
  as	
  stars;	
  means	
  of	
  all	
  models	
  are	
  shown	
  as	
  bars	
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Summary	
  	
  

§  ΔT	
  =	
  +	
  4	
  °C	
  è	
  outside	
  the	
  bounds	
  of	
  interannual	
  variability	
  

§  ΔP	
  range	
  from	
  -­‐12	
  %	
  to	
  +15	
  %	
  	
  

§  Annual	
  ΔT	
  and	
  ΔP	
  for	
  the	
  6	
  GCMs	
  are	
  nega2vely	
  correlated	
  

§  Drama2c	
  decline	
  in	
  streamflow:	
  annual	
  ΔQ	
  =	
  -­‐25%	
   

§  ΔTSS	
  range	
  from	
  -­‐56%	
  to	
  +	
  139%	
   

§  ΔTN	
  range	
  from	
  -­‐20%	
  to	
  +	
  20%	
   

§  ΔTP	
  range	
  from	
  -­‐40%	
  to	
  +	
  40%	
  

§  PET	
  appears	
  to	
  dominate	
  ΔQ	
  projec2ons	
  

§  Things	
  to	
  think	
  about:	
  
§  Why	
  TEMP	
  forcing	
  alone	
  results	
  in	
  	
  rela2vely	
  large	
  ΔQ	
  (-­‐8%)	
  ?	
  

§  Why	
  TP,	
  TSS,	
  and	
  TN	
  are	
  strongly	
  responsive	
  to	
  an	
  increase	
  in	
  

PRECIP,	
  but	
  only	
  slightly	
  to	
  a	
  decrease	
  in	
  PRECIP?	
  Is	
  this	
  related	
  to	
  

erosion	
  treatment	
  in	
  HSPF?	
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Thank	
  you.	
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SUPPLEMENTARY	
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  Protec2on	
  Agency,	
  Chesapeake	
  Bay	
  Program	
  Office,	
  Annapolis,	
  MD.	
  Environmental	
  	
  

	
  	
   	
  	
  Protec2on	
  Agency.	
  	
  EPA/600/R-­‐97/080,	
  755	
  p.	
  	
  Athens,	
  GA.	
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BCCR−BCM2.0
CSIRO−Mk3.0
CSIRO−Mk3.5
INM−CM3.0
MIROC3.2(medres)
CCSM3

•  Drama2c	
  decline	
  in	
  all	
  seasons	
  
•  5	
  out	
  of	
  6	
  runs	
  show	
  a	
  decrease	
  in	
  winter,	
  summer	
  and	
  fall	
  	
  
•  4	
  out	
  of	
  6	
  runs	
  show	
  a	
  decrease	
  in	
  spring	
  	
  

•  Summer	
  decline	
  is	
  the	
  least	
  pronounced	
  
•  Projected	
  changes	
  are	
  comparable	
  to	
  interannual	
  variability	
  

Annual	
  summary	
  [m	
  yr-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   0.5	
   0.1	
   0.3	
   0.8	
  
Projected	
  changes	
   -­‐0.11	
  (25	
  %)	
   0.11	
  (25	
  %)	
   -­‐0.24	
  (51%)	
   +0.03	
  (6	
  %)	
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BCCR−BCM2.0
CSIRO−Mk3.0
CSIRO−Mk3.5
INM−CM3.0
MIROC3.2(medres)
CCSM3

•  Projected	
  changes	
  are	
  highly	
  variable	
  
•  Winter	
  and	
  spring	
  fluxes	
  increase,	
  on	
  average	
  
•  Summer	
  and	
  fall	
  fluxes	
  remain	
  essen2ally	
  unchanged,	
  on	
  average	
  
•  Projected	
  changes	
  are	
  comparable	
  to	
  interannual	
  variability	
  

Annual	
  summary	
  [kg	
  s-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   137	
   93	
   49	
   331	
  
Projected	
  changes	
   +32	
  (23	
  %)	
   109	
  (80	
  %)	
   -­‐76	
  (56%)	
   +190	
  (139	
  %)	
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BCCR−BCM2.0
CSIRO−Mk3.0
CSIRO−Mk3.5
INM−CM3.0
MIROC3.2(medres)
CCSM3

•  Projected	
  changes	
  are	
  highly	
  variable	
  
•  Winter	
  fluxes	
  increase,	
  on	
  average	
  
•  Spring,	
  summer	
  and	
  fall	
  fluxes	
  decrease,	
  on	
  average	
  
•  Projected	
  changes	
  are	
  comparable	
  to	
  interannual	
  variability	
  

Annual	
  summary	
  [kg	
  s-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   4.6	
   1.1	
   3.4	
   6.8	
  
Projected	
  changes	
   -­‐0.1	
  (2	
  %)	
   0.7	
  (14	
  %)	
   -­‐0.9	
  (20	
  %)	
   +0.9	
  (20	
  %)	
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BCCR−BCM2.0
CSIRO−Mk3.0
CSIRO−Mk3.5
INM−CM3.0
MIROC3.2(medres)
CCSM3

•  Projected	
  changes	
  are	
  highly	
  variable	
  
•  Winter	
  and	
  spring	
  fluxes	
  remain	
  essen2ally	
  unchanged,	
  on	
  average	
  
•  Sumer	
  and	
  fall	
  fluxes	
  decrease,	
  on	
  average	
  
•  Projected	
  changes	
  are	
  comparable	
  to	
  interannual	
  variability	
  

Annual	
  summary	
  [kg	
  s-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   0.29	
   0.11	
   0.18	
   0.52	
  
Projected	
  changes	
   -­‐0.02	
  (6	
  %)	
   0.10	
  (34	
  %)	
   -­‐0.12	
  (40	
  %)	
   +0.12	
  (40	
  %)	
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•  Posi2ve	
  correla2on	
  	
  with	
  P	
  
•  P	
  accounts	
  for	
  a	
  considerable	
  

frac2on	
  of	
  variability	
  
•  The	
  y-­‐intercepts	
  can	
  be	
  

interpreted	
  as	
  the	
  projected	
  flux	
  
changes	
  due	
  to	
  T	
  alone	
  

•  The	
  slope	
  of	
  the	
  Q	
  vs.	
  P	
  is	
  similar	
  
to	
  what	
  was	
  found	
  for	
  the	
  
baseline	
  interannual	
  variability	
  
(slope	
  =	
  0.79,	
  R2	
  =	
  0.81)	
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•  Nega2ve	
  correla2on	
  with	
  T	
  
•  T	
  accounts	
  for	
  a	
  smaller	
  
frac2on	
  of	
  variability	
  
compared	
  with	
  P	
  

•  For	
  TN,	
  the	
  rela2onship	
  is	
  
par2cularly	
  week	
  

•  For	
  Q,	
  have	
  the	
  strongest	
  
rela2onship	
  

Q	
   TSS	
  

TN	
   TP	
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Najjar	
  et	
  al.	
  2009	
  
•  End	
  of	
  21st	
  	
  century	
  
•  Mid-­‐Atlan2c	
  region	
  
•  Coupled	
  models	
  
•  Large	
  variability	
  ΔQ	
  	
  

Meehl	
  et	
  al.	
  2007,	
  IPCC	
  4AR	
  
•  End	
  of	
  21st	
  	
  century	
  	
  
•  Coupled	
  models	
  
•  15-­‐model	
  mean	
  projec2ons	
  
•  	
  ΔQ	
  =	
  +	
  0.1	
  mm	
  d-­‐1	
  =	
  0.04	
  m	
  yr-­‐1	
  	
  	
  
	
  

Annual	
  Q	
  summary	
  [m	
  yr-­‐1]	
   MEAN	
   STD	
   MIN	
   MAX	
  
Baseline	
  average	
   0.5	
   0.1	
   0.3	
   0.8	
  
HSPF	
  projec2ons	
   -­‐0.11	
  (25	
  %)	
   0.11	
  (25	
  %)	
   -­‐0.24	
  (51%)	
   +0.03	
  (6	
  %)	
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Hay	
  et	
  al.	
  2011	
  
End	
  of	
  21st	
  	
  century	
  projec2ons	
  for	
  14	
  
U.S.	
  watersheds:	
  hydrological	
  model	
  

Milly	
  and	
  Dunne	
  2011	
  
	
  
•  used	
  Hay	
  et	
  al.	
  2011	
  hydrological	
  model	
  

projec2ons	
  
	
  
•  compared	
  to	
  climate	
  –	
  land	
  surface	
  coupled	
  

models	
  (Coupled	
  Model	
  Intercomparison	
  
Project,	
  CMIP)	
  

	
  
•  ΔPET	
  according	
  to	
  T-­‐based	
  empirical	
  

formula2on	
  was	
  typically	
  3	
  2mes	
  larger	
  than	
  
that	
  of	
  the	
  explicit	
  calcula2on	
  of	
  the	
  surface	
  
energy	
  balance	
  

	
  
•  uncoupled	
  simula2ons	
  may	
  lead	
  to	
  

unrealis2cally	
  large	
  flow	
  reduc2ons:	
  
empirical	
  PET	
  formula2ons	
  calibrated	
  in	
  the	
  
present	
  climate	
  might	
  cause	
  an	
  
overes2ma2on	
  of	
  ET	
  when	
  used	
  for	
  future	
  
climate	
  condi2ons	
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Summary	
  

§  ΔT	
  =	
  +	
  4	
  °C	
  è	
  outside	
  the	
  bounds	
  of	
  interannual	
  variability	
  

§  ΔP	
  range	
  from	
  -­‐12	
  %	
  to	
  +15	
  %	
  	
  

§  Annual	
  ΔT	
  and	
  ΔP	
  for	
  the	
  6	
  GCMs	
  are	
  nega2vely	
  correlated	
  

§  Drama2c	
  decline	
  in	
  stramflow:	
  annual	
  ΔQ	
  =	
  -­‐25%	
   

§  ΔTSS	
  range	
  from	
  -­‐56%	
  to	
  +	
  139%	
   

§  ΔTN	
  range	
  from	
  -­‐20%	
  to	
  +	
  20%	
   

§  ΔTP	
  range	
  from	
  -­‐40%	
  to	
  +	
  40%	
  

§  All	
  parameters	
  are	
  strongly	
  correlated	
  with	
  P	
  	
  

§  All	
  parameters	
  are	
  weakly	
  an2-­‐correlated	
  with	
  T	
  

§  Q	
  has	
  the	
  strongest	
  an2-­‐correla2on	
  with	
  T:	
  real	
  or	
  due	
  to	
  PET	
  
parameteriza2on?	
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§  What	
  are	
  the	
  separate	
  effects	
  of	
  PET,	
  T,	
  and	
  P?	
  
	
  

•  T	
  change	
  only	
  (6	
  runs)	
  
•  P	
  change	
  only	
  (6	
  runs)	
  
•  PET	
  change	
  only	
  (6	
  runs)	
  
	
  

§  Are	
  HSPF-­‐based	
  projec2ons	
  flows	
  comparable	
  to	
  those	
  from	
  coupled	
  
models?	
  

	
  
•  use	
  best	
  regional	
  hydrological	
  model	
  predic2ons	
  available	
  for	
  our	
  
study	
  region	
  from	
  coupled	
  climate-­‐land	
  surface	
  models:	
  mid-­‐century	
  
(2041-­‐2070)	
  projec2ons	
  are	
  available	
  from	
  the	
  North	
  American	
  
Regional	
  Climate	
  Change	
  Assessment	
  Program	
  (NARCCAP)	
  

•  for	
  comparison	
  with	
  Milly	
  and	
  Dunne	
  (2011),	
  also	
  use	
  Couple	
  Model	
  
Intercomparison	
  Project	
  (CMIP)	
  models	
  

•  6	
  addi2onal	
  HSPF	
  simula2ons	
  that	
  overlap	
  with	
  the	
  NARCCAP	
  period	
  


