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Surface	  albedo	  can	  differ	  substan2ally	  among	  
GCMs	  in	  CMIP5	  archive	  

broadband	  shortwave	  albedo	  is	  defined	  as:	  
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between soil moisture and albedo (Fig. 3c), with soil moisture being well correlated with

local hydrologic imbalance (i.e. difference between precipitation and evaporation).

Second, there is little to no interannual variability in albedo among CMIP5 models dur-

ing summer, despite large interannual variability in precipitation (Fig. 3b). This suggests

that albedo is mostly prescribed in CMIP5 models, and thus cannot be influenced by

precipitation. This is particularly striking when comparing to Earth’s observation, which

show interannual variability in albedo to be much larger than in CMIP5 models, but in-

terannual variability in precipitation to be comparable. This lack of interannual change

in albedo may artificially inflate the importance of SST in interannual studies of precip-

itation. Overall, the intermodel correlation between albedo and precipitation in CMIP5

model simulations might arise from precipitation responding remotely to discrepancy in

albedo variability.

α = SW ↑

SW ↓

4. Conclusions

This study has demonstrated the existence of strong intermodel variability in albedo,

which is spatially coherent over large swathes of the subtropics and midlatitudes. It

is found to correlate strongly with precipitation over various tropical hotspots, and most

particularly over South Asia and the Maritime continent. We also have demonstrated that

precipitation does not influence albedo, and more generally that albedo is insensitive to

interannual changes. The prescribed nature of albedo suggests that a significant amount

of intermodel spread in precipitation over these hotspots can be attributed to albedo. We

posit that a more consistent prescription of surface albedo in CCMs may reduce intermodel
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Table 1. List of CCMs and Observations
Index Name Resl albedo soil moist. 2-m MSE TOA rad. imb.
A GPCP Precipitation 2.5000◦ × 2.5000◦ NaN NaN NaN NaN
B SRB Albedo 1.0000◦ × 1.0000◦ Y NaN NaN NaN
1 ACCESS1-0 1.8750◦ × 1.2500◦ Y Y Y Y
2 ACCESS1-3 1.8750◦ × 1.2500◦ Y Y Y Y
3 BCC-CSM1-1 2.8125◦ × 2.7906◦ Y Y Y Y
4 BCC-CSM1-1-m 1.1250◦ × 1.1215◦ Y Y Y Y
5 BNU-ESM 2.8125◦ × 2.7906◦ Y Y Y Y
6 CanCM4 2.8125◦ × 3.1476◦ Y Y N N
7 CanESM2 2.8125◦ × 3.1476◦ Y Y Y Y
8 CCSM4 1.2500◦ × 0.9424◦ Y Y Y Y
9 CESM1-BGC 1.2500◦ × 0.9424◦ Y Y Y Y
10 CESM1-CAM5 1.2500◦ × 0.9424◦ Y Y Y Y
11 CESM1-FASTCHEM 1.2500◦ × 0.9424◦ Y Y Y Y
12 CESM1-WACCM 2.5000◦ × 1.8947◦ Y Y Y Y
13 CMCC-CESM 3.7500◦ × 4.1746◦ Y N N Y
14 CMCC-CM 0.7500◦ × 0.8371◦ Y N N Y
15 CMCC-CMS 1.8750◦ × 2.1037◦ Y N N Y
16 CNRM-CM5 1.4062◦ × 1.5800◦ Y Y Y Y
17 CNRM-CM5-2 1.4062◦ × 1.5800◦ Y Y Y Y
18 CSIRO-Mk3-6-0 1.8750◦ × 2.1039◦ Y Y Y Y
19 FGOALS-g2 2.8125◦ × 4.8855◦ Y Y Y Y
20 FIO-ESM 2.8125◦ × 2.7906◦ Y N Y Y
21 GFDL-CM2p1 2.5000◦ × 2.0225◦ Y N N N
22 GFDL-CM3 2.5000◦ × 2.0000◦ Y Y Y Y
23 GFDL-ESM2G 2.5000◦ × 2.0225◦ Y Y Y Y
24 GFDL-ESM2M 2.5000◦ × 2.0225◦ Y Y Y Y
25 GISS-E2-H 2.5000◦ × 2.0000◦ Y Y Y Y
26 GISS-E2-H-CC 2.5000◦ × 2.0000◦ Y Y Y Y
27 GISS-E2-R 2.5000◦ × 2.0000◦ Y Y Y Y
28 GISS-E2-R-CC 2.5000◦ × 2.0000◦ Y Y Y Y
29 HadCM3 3.7500◦ × 2.5000◦ Y Y Y Y
30 HadGEM2-AO 1.8750◦ × 1.2500◦ N N Y Y
31 HadGEM2-CC 1.8750◦ × 1.2500◦ Y Y Y Y
32 HadGEM2-ES 1.8750◦ × 1.2500◦ Y Y Y Y
33 inmcm4 2.0000◦ × 1.5000◦ Y Y Y Y
34 IPSL-CM5A-LR 3.7500◦ × 1.8947◦ Y Y Y Y
35 IPSL-CM5A-MR 2.5000◦ × 1.2676◦ Y Y Y Y
36 IPSL-CM5B-LR 3.7500◦ × 1.8947◦ Y Y Y Y
36 MIROC4h 0.5625◦ × 0.6282◦ Y Y Y Y
38 MIROC5 1.4062◦ × 1.5668◦ Y Y Y Y
39 MIROC-ESM-CHEM 2.8125◦ × 3.1215◦ Y Y Y Y
40 MIROC-ESM 2.8125◦ × 3.1215◦ Y Y Y Y
41 MPI-ESM-MR 1.8750◦ × 2.1039◦ Y N N Y
42 MPI-ESM-P 1.8750◦ × 2.1039◦ Y N N Y
43 MPI-ESM-LR 1.8750◦ × 2.1039◦ Y N N Y
44 MRI-CGCM3 1.1250◦ × 1.2649◦ Y Y Y Y
45 MRI-ESM1 1.1250◦ × 1.2649◦ Y Y Y Y
46 NorESM1-ME 2.5000◦ × 1.8947◦ Y Y Y Y
47 NorESM1-M 2.5000◦ × 1.8947◦ Y Y Y Y
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Table 1. List of CCMs and Observations
Index Name Resl albedo soil moist. 2-m MSE TOA rad. imb.
A GPCP Precipitation 2.5000◦ × 2.5000◦ NaN NaN NaN NaN
B SRB Albedo 1.0000◦ × 1.0000◦ Y NaN NaN NaN
1 ACCESS1-0 1.8750◦ × 1.2500◦ Y Y Y Y
2 ACCESS1-3 1.8750◦ × 1.2500◦ Y Y Y Y
3 BCC-CSM1-1 2.8125◦ × 2.7906◦ Y Y Y Y
4 BCC-CSM1-1-m 1.1250◦ × 1.1215◦ Y Y Y Y
5 BNU-ESM 2.8125◦ × 2.7906◦ Y Y Y Y
6 CanCM4 2.8125◦ × 3.1476◦ Y Y N N
7 CanESM2 2.8125◦ × 3.1476◦ Y Y Y Y
8 CCSM4 1.2500◦ × 0.9424◦ Y Y Y Y
9 CESM1-BGC 1.2500◦ × 0.9424◦ Y Y Y Y
10 CESM1-CAM5 1.2500◦ × 0.9424◦ Y Y Y Y
11 CESM1-FASTCHEM 1.2500◦ × 0.9424◦ Y Y Y Y
12 CESM1-WACCM 2.5000◦ × 1.8947◦ Y Y Y Y
13 CMCC-CESM 3.7500◦ × 4.1746◦ Y N N Y
14 CMCC-CM 0.7500◦ × 0.8371◦ Y N N Y
15 CMCC-CMS 1.8750◦ × 2.1037◦ Y N N Y
16 CNRM-CM5 1.4062◦ × 1.5800◦ Y Y Y Y
17 CNRM-CM5-2 1.4062◦ × 1.5800◦ Y Y Y Y
18 CSIRO-Mk3-6-0 1.8750◦ × 2.1039◦ Y Y Y Y
19 FGOALS-g2 2.8125◦ × 4.8855◦ Y Y Y Y
20 FIO-ESM 2.8125◦ × 2.7906◦ Y N Y Y
21 GFDL-CM2p1 2.5000◦ × 2.0225◦ Y N N N
22 GFDL-CM3 2.5000◦ × 2.0000◦ Y Y Y Y
23 GFDL-ESM2G 2.5000◦ × 2.0225◦ Y Y Y Y
24 GFDL-ESM2M 2.5000◦ × 2.0225◦ Y Y Y Y
25 GISS-E2-H 2.5000◦ × 2.0000◦ Y Y Y Y
26 GISS-E2-H-CC 2.5000◦ × 2.0000◦ Y Y Y Y
27 GISS-E2-R 2.5000◦ × 2.0000◦ Y Y Y Y
28 GISS-E2-R-CC 2.5000◦ × 2.0000◦ Y Y Y Y
29 HadCM3 3.7500◦ × 2.5000◦ Y Y Y Y
30 HadGEM2-AO 1.8750◦ × 1.2500◦ N N Y Y
31 HadGEM2-CC 1.8750◦ × 1.2500◦ Y Y Y Y
32 HadGEM2-ES 1.8750◦ × 1.2500◦ Y Y Y Y
33 inmcm4 2.0000◦ × 1.5000◦ Y Y Y Y
34 IPSL-CM5A-LR 3.7500◦ × 1.8947◦ Y Y Y Y
35 IPSL-CM5A-MR 2.5000◦ × 1.2676◦ Y Y Y Y
36 IPSL-CM5B-LR 3.7500◦ × 1.8947◦ Y Y Y Y
36 MIROC4h 0.5625◦ × 0.6282◦ Y Y Y Y
38 MIROC5 1.4062◦ × 1.5668◦ Y Y Y Y
39 MIROC-ESM-CHEM 2.8125◦ × 3.1215◦ Y Y Y Y
40 MIROC-ESM 2.8125◦ × 3.1215◦ Y Y Y Y
41 MPI-ESM-MR 1.8750◦ × 2.1039◦ Y N N Y
42 MPI-ESM-P 1.8750◦ × 2.1039◦ Y N N Y
43 MPI-ESM-LR 1.8750◦ × 2.1039◦ Y N N Y
44 MRI-CGCM3 1.1250◦ × 1.2649◦ Y Y Y Y
45 MRI-ESM1 1.1250◦ × 1.2649◦ Y Y Y Y
46 NorESM1-ME 2.5000◦ × 1.8947◦ Y Y Y Y
47 NorESM1-M 2.5000◦ × 1.8947◦ Y Y Y Y
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•  We	  analyze	  broadband	  shortwave	  albedo	  in	  46	  GCM	  simula2ons	  in	  
CMIP5	  archive.	  Simula2ons	  cover	  historical	  period	  

01/01/1984-‐12/31/2004	  
	  

•  We	  compare	  intermodel	  (IM)	  and	  interannual	  (IA)	  albedo	  
variability	  during	  boreal	  summer	  (JJAS)	  to	  that	  of	  rainfall.	  

	  



EOF	  analysis	  suggests	  spa2ally	  coherent	  variability	  
for	  albedo	  over	  subtropics	  and	  midla2tudes	  

EOF1	  explains	  25%	  of	  global	  variability,	  EOF2	  only	  17%.	  	  



Spa2al	  paZern	  of	  EOF1	  corresponds	  to	  vegetated	  	  
(dark)	  regions	  in	  tropics	  

Mask	  albedo	  =	  albedo	  over	  regions	  where	  it	  is	  lower	  than	  0.3	  



Correla2on	  of	  PC1	  albedo	  with	  local	  rainfall	  suggests	  
strong	  interac2on	  over	  South	  Asian	  Con2nent	  	  

Yellow	  color:	  regions	  where	  posi;ve	  rainfall	  bias	  scales	  with	  nega;ve	  albedo	  bias	  



Correla2on	  of	  vegetated	  albedo	  with	  local	  rainfall	  
suggests	  strong	  interac2on	  over	  South	  Asian	  Con2nent	  	  

Let’s	  focus	  on	  rainfall	  over	  South	  Asia	  con2nent	  



Dark-‐land	  albedo	  correlates	  well	  with	  rainfall	  averaged	  
over	  con2nental	  South	  Asia	  

	  

Dark-‐land	  albedo	  is	  defined	  as	  albedo	  averaged	  over	  regions	  where	  
CMIP5	  ensemble-‐mean	  albedo	  is	  lower	  than	  0.3	  



Interannual	  (IA)	  variability	  in	  albedo	  is	  small	  
compared	  to	  its	  intermodel	  (IM)	  spread	  

Albedo	  appears	  to	  be	  insensi2ve	  to	  interannual	  climate	  variability	  



….	  while	  rainfall	  has	  large	  IM	  and	  IA	  variability	  
	  

è	  Albedo	  seems	  insensi2ve	  to	  rainfall	  variability	  on	  IA	  2mescales,	  which	  
suggests	  albedo	  IM	  variability	  is	  not	  driven	  directly	  by	  rainfall	  



No	  significant	  correla2on	  exists	  between	  
albedo	  and	  soil	  moisture	  



Summary	  

•  Albedo	  intermodel	  variability	  is	  large	  in	  CMIP5.	  
•  Variability	  is	  coherent	  across	  subtropics	  and	  
midla1tudes.	  

•  Rainfall	  intermodel	  variability	  over	  South	  Asia	  
con1nent	  correlates	  well	  with	  global	  albedo	  
variability.	  	  

•  Mechanism	  for	  albedo	  influence	  on	  rainfall	  
remains	  unclear,	  but	  direct	  influence	  of	  rainfall	  
on	  albedo	  seems	  unlikely.	  



Thank	  You!	  



Incoming	  shortwave	  flux	  bias	  cannot	  explain	  the	  
large	  variability	  in	  albedo	  

Removing	  all	  clouds	  or	  all	  water	  vapor	  from	  troposphere,	  broadband	  albedo	  can	  be	  lowered	  
by	  10	  to	  20%	  at	  most.	  

	  



Albedo	  bias	  exists	  in	  all	  seasons	  

Colors:	  CMIP5	  simula1on	  
Black	  line:	  MODIS	  (albedo)	  or	  GPCP	  (rainfall)	  



To	  explain	  this	  correla2on,	  we	  compare	  
 albedo	  and	  rainfall	  over	  South	  Asia	  con2nent	  	  



Spa2al	  paZern	  of	  EOF1	  corresponds	  to	  vegetated	  	  
(dark)	  regions	  in	  tropics	  

Global	  albedo	  bias	  over	  vegetated	  regions	  (defined	  as	  regions	  where	  
ensemble-‐mean	  albedo	  is	  lower	  than	  0.3)	  correlates	  well	  with	  rainfall	  

averaged	  over	  con2nental	  South	  Asia	  



Correla2on	  of	  rainfall	  over	  con2nental	  South	  Asia	  with	  
PC1	  albedo	  is	  confirmed	  



Intermodel	  variance	  in	  albedo	  

Largest	  absolute	  variance	  over	  bright	  
regions,	  snow	  and	  ice-‐covered	  polar	  
regions,	  and	  subtropical	  dry	  zones.	  



Albedo	  as	  a	  driver	  of	  climate	  change	  

© 1996 Nature  Publishing Group

(Kutzbach	  et	  al.	  1996)	  

A	  lower	  albedo	  over	  North	  Africa	  cri2cal	  for	  boos2ng	  rainfall	  
over	  Sahara	  during	  Mid-‐Holocene	  	  



Albedo	  as	  a	  driver	  of	  mul2year	  variability	  

hypothesis in a coupled atmosphere–land-veg-
etation model of intermediate complexity.

The atmospheric component of the model is
the Quasi-equilibrium Tropical Circulation
Model (QTCM) (14, 15), which is coupled to
the land surface model Simple-Land (SLand)
(15). The QTCM simulates a seasonal climate
over the Sahel that is close to observations and
that compares favorably with current atmo-
spheric general circulation models (GCMs).
We modeled the major effects of a varying
vegetation on climate through its control of the
evapotranspiration process and modification of
surface albedo with SLand. Other effects, such
as surface roughness and modification of soil
properties, were not considered.

Vegetation growth in the tropics responds
mostly to the interannual variations of water
availability and is less influenced by tempera-
ture and nutrient limitation on these time scales
because of the relatively large rainfall variabil-
ity there. The central equation in the dynamic
vegetation model is a biomass equation driven
by photosynthesis and vegetation loss

dV
dt

! a!"w#"1 " e$kL# " V/% (1)

where t is time, a is a carbon assimilation
coefficient, ! is the soil moisture dependence
as used in the original SLand, w is soil wet-
ness, L is the plant leaf area index (LAI), and
k is the extinction coefficient of photosyn-
thetically active sunlight taken as 0.75. The
vegetation time scale % is set to 1 year. This
equation is similar to the biomass equations
used in models with more explicit vegetation
dynamics (16–19). V is interpreted as vege-
tation amount or leaf biomass, and it is nor-
malized between 0 and 1. The LAI is as-
sumed to be directly proportional to V as L &
LmaxV, where Lmax is a maximum LAI of 8.
The carbon assimilation coefficient a takes a
value such that V & 1 at equilibrium (dV/
dt & 0) and without water stress (! & 1).
This model does not explicitly include plant
competition nor does it consider species-spe-
cific characteristics such as resource alloca-
tion. Seasonality is not explicitly modeled for
V, so Eq. 1 represents variation on the back-
ground of a mean seasonal cycle.

The original version of the land model
was modified to account for the effects of
leaf-to-canopy scaling (20) so that the canopy
conductance gc for evapotranspiration is

gc ! gsmax!"w#"1 " e$kL#/k (2)

where gsmax
is a leaf-level maximum conduc-

tance. Note that photosynthesis and evapo-
transpiration are closely related in Eqs. 1 and
2 (20). Besides modifying evapotranspiration
through Eq. 2, vegetation also changes land
surface albedo A as (21)

A ! 0.38 " 0.3"1 " e$kL# (3)

This corresponds to an albedo of 0.38 at V &
0 (desert) and 0.08 at maximum vegetation
V & 1 (dense forest). Thus, vegetation feeds
back into the atmosphere by modifying
evapotranspiration and surface albedo
through Eqs. 2 and 3.

In order to identify the relative importance of
oceanic forcing as represented by SST, land
surface, and vegetation processes, we performed
a series of model experiments, starting from a
run in which both land and vegetation were
interactive. In this realistic case, designated
AOLV, the atmosphere, ocean, land, and vege-
tation all contribute to variability. The monthly
output from this run was then used to derive a
vegetation climatology that has a seasonal cycle
but does not change from year to year, which
was used as a model boundary condition for the
second run, designated AOL. The output of the
run AOL was then used to derive a soil moisture
climatology that was used to drive the third
experiment, AO. In all these three runs, the
coupled atmosphere–land-vegetation model is
driven by the observed monthly SST from 1950
to 1998 (22). All three start from an initial
condition taken from an interactive land-vege-
tation run forced by a climatological SST. The
modeled annual rainfall over the Sahel from
these experiments is shown in Fig. 1, B through
D.

Compared to the observations in Fig. 1A,
the AO run forced by interannually varying
SST but with noninteractive soil moisture and
vegetation (Fig. 1B) shows a weak interan-
nual variation and a much weaker interdec-
adal signal, although a drying trend can be
seen from the 1950s to the 1980s. The inter-
active soil moisture (Fig. 1C) appears to in-
crease this interdecadal drying trend into the
early 1990s. The simulated soil moisture
shows a high degree of correlation with pre-
cipitation. The amplitude of interannual vari-
ation is also larger in general, in agreement
with other studies (23–25).

Allowing vegetation feedback to the atmo-
sphere in AOLV substantially enhances the
decadal rainfall variability (Fig. 1D). The wet
periods in the 1950s and the dry periods in the
1970s and the 1980s stand out and are more like
observations of actual conditions. Compared to
the noninteractive vegetation case, AOL, the
interannual variability does not show enhance-
ment. In some cases, the year-to-year change,
such as from the dry 1987 to the relatively wet
1988, is actually reduced because the slowly
responding vegetation is still low from the pre-
vious drought. This complicated lagged rela-
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Fig. 1. Annual rainfall anom-
aly (vertical bars) over the
West African Sahel (13N-
20N, 15W-20E) from 1950
to 1998. (A) Observations
from Hulme (1). (B) Model
with noninteractive land
surface hydrology (fixed soil
moisture) and noninterac-
tive vegetation (SST influ-
ence only, AO). Smoothed
line is a 9-year running
mean showing the low-fre-
quency variation. (C) Model
with interactive soil mois-
ture but noninteractive
vegetation (AOL). (D) Model
with interactive soil mois-
ture and vegetation
(AOLV ). Also plotted (as
connected circles, labeled on
the right) are (A) the nor-
malized difference vegeta-
tion index (NDVI) (31), (C)
the model simulated annual
soil moisture anomaly, and
(D) the model simulated LAI
anomaly. All the anomalies
are computed relative to the
1950–98 base period, ex-
cept that the NDVI data is
relative to 1981.
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(Zeng	  et	  al.	  1999)	  	  

Albedo	  variability	  amplifies	  rainfall	  variability	  over	  Sahel	  

SST	  only	  

SST	  +	  soil	  moisture	  

SST	  +	  soil	  moisture	  +	  
vegeta1on	  

observa1on	  



Incoming	  shortwave	  flux	  bias	  cannot	  explain	  the	  
large	  variability	  in	  albedo	  


