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Abstract

On daily time-scales, the climate over land is a complex balance of many coupled processes.
ERA40 reanalysis data for sub-basins of the Mississippi in summer are used to explore the links
between these processesin afully coupled model system; and observed surface precipitation and
surface shortwave fluxes derived by the International Satellite Cloud Climatology Project are
used for evaluation. This paper proposes that the effective cloud albedo at the surface is a useful
link which connects the cloud fields to both surface and large-scale processes. The reanaysis has
alow biasin cloud albedo in all seasons except summer. Near-surface relative humidity, the
lifting condensation level, soil moisture and precipitation are closely linked. Theratio of the
surface cloud radiative forcing to the diabatic precipitation heating islessin the reanalysisthan in
the observations. The surface cloud radiative forcing largely determines the surface net radiation;
while evaporative fraction in the reanalysis is primarily determined by temperature, soil water as

well as vegetation parameters.



1. Introduction

On time-scales of aday and space scales of order 800km, the climate over land isacomplex
balance of many highly coupled processes. In the atmosphere, water vapor convergenceislinked to
precipitation and clouds, which in turn modify the radiation fields. Over land the surface energy
budget is strongly influenced by the cloud field, and the availability of water for evaporation.
Reanalysis data for sub-basins of the Mississippi will be used to explore the links between these
processes on river basin scales, using for evaluation observed surface precipitation and surface
shortwavefluxesderived by thelnternational Satellite Cloud Climatology Project (ISCCP). For more
than a decade, cloud feedbacks in models have been regarded as a major source of uncertainty in
modeling climate. Clouds play a magor role in the climate system through their top-of-the-
atmosphere (TOA) impact of the radiative fluxes, where they increase the planetary albedo and
typically reduce the outgoing long-wave flux. Y et the TOA radiative effects of clouds are easy to
observe from space, and the surface radiative fluxes are routinely derived from them [Pinker et al.
2003]. So given this extensive observational data, which clearly identifies model biases in the
surface radiation budget [e.g. Betts et al. 2006b], why haven’'t corresponding improvements in
modelsbeen rapid? This paper proposesthat the effective cloud albedo at the surfaceisonemissing
observablelink that can be used to connect the cloud fiel dsto both surface and |arge-scal e processes.
The cloud fields are atightly coupled component of the hydrologic cycle and the climate system.
Over land, cloudsarepartly linked locally to theavailability of soil water, whichimpactsevaporation
and the lifting condensation level (LCL); and partly linked to large-scale convergence of moisture
which generatescloudsand precipitation. Thesystemistightly coupled at the surface because clouds
reduce the incoming short-wave and outgoing long-wave radiative fluxes, which generally reduces

the energy available to drive evaporation. In addition, some precipitation evaporates as it falls



(modifying atmospheric propertiesincluding the LCL), some precipitation evaporatesrapidly off wet
canopies, while some refills the soil water reservoirs (and some runs off). From a climate and
energetic perspective, the relation between the precipitation diabatic forcing of the atmosphere and
the surface cloud radiative forcing is important.

Betts [2004] and Betts and Viterbo [2005] used reanalysis data to explore the interrelation
of the surface fluxes, the boundary layer, the cloud fields and surface radiation balance on the daily
timescale. This paper extends this work to the coupling of water vapor convergence, clouds,
precipitation and land-surface processes for the mid-latitude basins of the Mississippi River. The
European Centre for Medium-range Weather Forecasts (ECMWF) reanalysis [Uppala et al. 2005]
is known as ERA4Q, although it covered 45 years from September, 1957 to August, 2002. It used
theland-surface scheme described by Van den Hurk et al. [2000], and a3-D variational assimilation
system. The horizontal resolution of the spectral model istriangular truncation at T, -159, and there
are 60 levels in the vertical, including a well-resolved boundary layer and stratosphere.
Documentation of the Integrated Forecast System (IFS), cycle 23r4, and asummary and discussion
of the observations available at different times during the 45-year reanaysis can be found at

http://www.ecmwf.int/research/eral. One feature of ERA40 is a specia hourly archive [Kéllberg,

et al. 2004] of averages over selected river basins (accumulated from the full time resolution data)
of the surface energy and water budgets, as well as the sub-surface, near-surface and atmospheric
variables. Thesewereoriginally archived to study the hydrometeorol ogy of river basins[for example,
Betts et al. 2003a, b; 2005]. However model data can provide powerful insights into the coupling
of physical processes, even though quantitatively there will be dependence on specific
parameterizations of a given model [Betts 2004, 2006]. The organization of model data by the

effective cloud albedo at the surface clarifies the links between processes, and provides a useful



framework for model evaluation against surface flux tower data [Betts et al. 2006a]. This paper
extends this evaluation of cloud albedo and precipitation to river basin scales. Finally the coupling
of model processes involving clouds, precipitation and the surface energy budget suggests how
combinations of satellite data and surface variables may give better estimates of the surface energy

budget.

2. Data and definitions

2.1 Mississippi basin data from ERA40

Figure 1 showsthe sub-basins of the ~ 130w 120w 110w 100w 90°'w  80°W _ 70°W

130°W

Mississippi river, labeled 1to 5, representing
respectively the Red-Arkansas, the Missouri,

170°W
Upper Mississippi, Ohio-Tennessee, and the

lower Mississippi. During the analysis cycle

ERA40 generated averages over al grid-

120°W

points (indicated as dots) inside each

polygon, which are approximations to the
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actual river basin boundaries shown. The Figure 1. ERA4O river basins for the Mississippi river.

data period chosen for analysisis from 1983-2001, for which there is ISCCP data for comparison.
Daily meanswerederived for each basin by averaging the hourly datafrom asingle 24-h short-term
forecasts from the 0000 UTC analysis. The annual cycle of precipitation and cloud for the basins
labeled 1 to 4 will be shown. The analysis will then concentrate on the warm season for only two

basins, the Missouri (area of 1.3 x10° km? and Ohio (area of 0.46 x10° km?), taking these as



representative of the drier central and the wetter eastern United States respectively. The advection
distancein 24-h at 10 ms™ is 864 km. This corresponds to roughly 10° of longitude at 40°N, which
roughly lies between the spacial scales of the Ohio and Missouri river basins (see Figure 1). There
aredifferencesinthemodel vegetation between thetwo basins; the Ohio isover 85% forested, while

the Missouri forest cover is less than 15%.

2.2 Definition of effective surface cloud albedo

TheERA40 archive[Kallberget al., 2004] containsnet ‘ clear-sky’ fluxes(surface, SRF, and
top-of-the-atmosphere, TOA) computed without themodel cloudfield, aswell astheradiationfluxes
computed with the model (prognostic) cloud field. The cloud forcing (CF) terms can be computed
from these net SW and LW fluxes by difference. At the surface, the shortwave cloud forcing is
defined as the difference of the surface net short-wave all-sky and clear sky fluxes

SWCF e = SWpgsrr - SWuere(Clear) (@)
and the surface effective cloud abedo as

Ogous = = SWCFgre/ SW g re(Clear) 2
so that the SW surface budget can be written in the symmetric form

SWiasrr = (1~ 09(1- 0goua) SWnsre(Clear) ©)
where SW ¢ 1S the downward SW flux at the surface. The albedo of the underlying surface, o,
(assumed the same for both the clear-sky and all-sky fluxes) satisfies both

0 = (SWgnsrr = SW pesre)/ SW gsrr

= (SW,re(Clear) - SW e (Clear))/SW e (Clear) 4)

The total cloud forcing at the surfaceis

CFae = SWCF e + LWCF oo (5)



where the LW cloud forcing is defined in asimilar manner as
LWCFgre = LW asre - LW gsre(Clear) (6)

Thetransformation represented by (1) and (2) isillustrated

in Figure 2 for five years of daily mean 350 7 onio X SW, gpelclean)
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the large seasonal variation of clear-sky fluxes associated

with changing solar zenith angle. The range of effective

cloud

o

cloud albedo is greater in winter than in summer for this

basin. o, iSan“effective” surface cloud albedo, because

it represents the fraction of the clear sky flux that does not 0 60 120 180 240 300 360
Calendar Day

reach the surface because of the cloud field. Thus it Figure 2. Annual distribution of total and
clear sky SW, 4r (Upper panel) and
includes both the reflection and the smaller absorption by effective surface cloud albedo (lower panel).

the cloud field. For brevity however it will be ssimply called surface cloud albedo.

2.3 Relation of surface and TOA cloud albedos
The TOA cloud albedo isrelated to the TOA cloud forcing by

Oroa = = SWCFoa/SWyroa(Clear) (7



where the TOA SW cloud forcing is defined as

SWCF;0a = SWerron = SWgron(Clear) )

Figure 3 shows the relation of the TOA cloud albedo  *° Jonio
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Figure 3. Relation of surface and TOA
cloud albedos.

relationship between TOA and effective surface cloud
albedos varies only alittle by season and between river
basins (not shown). Note al so that the standard deviations of the daily data, averaged over the Ohio
basin, while small, are alittle larger in the cold season, when the clear-sky solar fluxes are smaller.
These cloud albedos are useful quantitative measures of the cloud field. In this section, they are
derived from the model cloud fields, but they are also readily derived from satellite data (see next

section).

2.4 Evaluation data

Two sets of observationally based data are used for verification. ‘Observed' surface cloud
albedoswere derived from the daily means of the ISCCP SW ;¢ fluxes[Zhang et al. 1995; Rossow
and Zhang 1995] averaged over the Mississippi basins [see Betts et al., 2003a] using the ERA40
SW =e(clear). The ISCCP computed surface LW fluxes will not be used, as these are sensitive to

errorsin surface temperature and lower tropospheric temperature profiles [Betts et al. 2003a]. For
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precipitation, the 2 x 2.5 degree gridded hourly [Higgins et al. 1996] and 0.25 degree gridded daily
[Higginset al. 2000] productsfrom the Nationa Climatic Data Center (NCDC) were averaged over
the Mississippi sub-basins. The daily product uses many more rain-gages than the hourly product,
and has greater precipitation in all seasons. However, the‘day’ startsand endsat 1200UTC, (when
most of the daily gages are read), whereas in all our other analyses the day runs from 0000-2400
UTC. So a daily mean was derived from the hourly data and then the precipitation was scaled
upward with a smoothed monthly weighting function to match the monthly mean from the gridded

daily product.

3. ERA40 seasonal bias of cloud and precipitation

3.1 ERA40 cloud albedo bias

_ _ "JERA40 - ISCCP
The upper curves in Figure 4 shows the mean 045 71 July, 1983 - June 2001 .-

seasonal cycle of this ISCCP-derived cloud abedo for four
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has a systematic bias structure with too little reflective cloud
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except in summer. This albedo bias in the reanalysis is as
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large as -10% in winter. A representative set of standard

~ Figure 4. Mean seasonal cycle of ISCCP
deviations of the monthly means are shown for one basin: gyrface cloud albedo and ERA40 bias. The

bias against BERM S flux tower sitesis also
note that typically the variability of the model bias is less ghown.
than the interannual variability of the observed cloud albedo. This seasonal bias pattern in cloud

albedo is very similar to that found in a comparison study [Betts et al.



2006a] with the three Boreal Ecosystem Monitoring Study (BERMYS)

flux tower sitesin central Saskatchewan, which is shown in green.

No. Of Days

Figure 5 shows the distribution of days with a given cloud

abedo in (a) winter and in (b) summer for the ISCCP data, and the

bias, ERA40-1SCCP. In winter ERA40 has many more days with very

little cloud and many fewer daysin every cloud albedo class>0.2. This

pattern suggeststhat ERA40 underestimatescloud cover (seeFigure6).

In summer, the ERA40 bias pattern is smaller; and the ISCCP

No. Of Days

distributionsaremore peaked intherange 0.1-0.2, with generally fewer

clear days than ERA40.

3.2 Daily scatter plots of albedo bias

the Ohio basin for the four seasons (winter is
December, January, February etc). The scatter
between observations and reanaysis is
relatively small on the daily timescale, only +
0.1, but the systematic seasonal biases are
clearly visible. In winter, ERA40 has a low
cloud bias on amost al days, except whenitis
very cloudy. The biasis smaller in spring and

fall, whilein summer thereisasmall high bias,

as shown in Figure 4.
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Figure 5. Number of dayswith a

. . _ given cloud albedo (a) in winter and
Figure 6 compares daily ERA40 cloud albedo with ISCCP for (g jn summer for the ISCCP data,

and the ERA40 bias.
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3.3 ERA4OQ precipitation bias

Figure 7 shows the annual cycle of the observed

ERA40 - NCDC — — — Arkansas-Red

1July, 1983 - June 2001 —EF~Missouri
"""" Upper Mississippi
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NCDC precipitation and the bias, ERA40 - NCDC. The
standard deviations of the monthly means shown for the

Missouri river basin aretypical: notethat the interannual

Precip (NCDC) (mm day ™)

variability of precipitationislarger than thevariability of

the bias. The reanalysis precipitation bias for most

ERAA40 bias

basinsisweakly positivein winter. In summer, the Ohio

e :
. G . 1 2 3 45 6 7 8 9 10 11 12
basin (and the lower Mississippi, not shown) has ahigh Month

o . L Figure 7. Mean seasonal cycle of NCDC
precipitation bias quite different from the other three precipitation and ERA40 bias,

basins. Comparing Figures 4, 6 and 7 it is clear that in winter ERA40 has too low a cloud albedo,
but generally a positive precipitation bias. This clearly suggests that the large-scale precipitation
processinthe model, which isdominant in winter, istoo efficient initsremoval of cloud water. One
caveat isthat during the first 24 h of the ERA40 short term forecasts, while cloud albedo changes

little, the spinup of precipitation is considerable [Betts et al. 2003a).

4. Warm season links between moistur e conver gence, cloud and precipitation

4.1 Analysis strategy

The model bias in cloud abedo is small (Figure 4) in the warm season months, May-
August, when land-surface processes play animportant rolein theland-boundary-layer-atmosphere

coupling [Betts et al. 1996]. The model dataset was analyzed, looking for relationships between
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key surface variables, precipitation, CF., and evaporative fraction, EF, and a4 8 ameasure of
the cloud field. The daily basin averaged from the ISCCP data and precipitation from the NCDC
data were used for evaluation.

Three parameters were taken from the reanalysis to additionally stratify the data. Large-
scale forcing was represented quantitatively by the daily mean verticaly integrated moisture
convergence, VIMC, for each basin, generated fromthefour analysistimes. Moisture convergence
clearly generates clouds and precipitation. A soil moistureindex was computed for thefirst 0-7cm
soil layer as

SMI-L1 = (SM- 0.171)/(0.323-0.171) (10)
where SM isthe model soil water fraction, the model soil permanent wilting pointis0.171 and the
model field capacity is 0.323. SMI-L1 is not only a useful index on the daily timescale for the
availability of water for evaporation (although transpiration depends also on soil water in deeper
layers), but it also respondsto precipitation on thistimescale. Thus, the soil moisture-atmosphere
couplingisatwo-way interaction. Inaddition the evaporation of falling precipitation modifiesthe
boundary layer. The surface evaporative fraction (EF) depends on soil water, as well aswater in
the skin reservoirs, and in turn the EF modifies the boundary layer structure and boundary layer
cloud cover. As an indicator of the boundary layer equilibrium on daily timescales [see Betts
2004], and an estimate of the mean height of cloud-base, the height of the lifting condensation
level (LCL) in pressure coordinates, P, ,, was computed from the lowest model level data (about
10m above the surface). P, is closely related to near-surface relative humidity, RH, by the
formula [Betts, 1997]

P.c./p = (1-RH)/(A+(A-1)RH) (12)

where p is the pressure at this lowest model level (about 1hPa from the surface) and the

12



thermodynamic coefficient A = (0.622L/2C,T) isaweak function of Kelvin temperature, T, with

L being the latent heat of vaporization and C,, the specific heat of air at constant pressure.

4.2 Relationship of cloud albedo and precipitation to moistur e conver gence and cloud-base

Figure8showstherelation of the
surface cloud albedo in ERA40 (panels
(@) and (c)) and the ISCCP data (panels
(b) and (d)) for the Missouri and Ohio
basins, stratified by the two model
guantities: vertically integrated moisture

convergence, VIMC (bins of 5 mm day
1), and P_, (40 hPabins), an estimate of

the daily mean cloud base. Not
increases with

surprisingly, oo

moi sture convergence and alower cloud
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Figure 8. ERA40 and ISCCP cloud abedos as a function of
base. Observed and model distributions moisture convergence and P, .

are rather similar, especially for the western Missouri basin. In general, the spread in the ISCCP

cloud abedo islower than in ERA40. The representative standard deviations shown are smaller

for the Missouri basin, which has about three times the area of the Ohio basin. Since o4 IS

derived from the incoming surface shortwave radiation from compl etely independent sources, the

general agreement in Figure 8 is encouraging.

Figure 9 shows that ERA40 and NCDC precipitation for the same river basins also

increases with moisture convergence and decreasing cloud base. Indeed the ERA40 pattern for
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cloud albedo in Figure 8 and precipitationin
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soil moisture on the basin scale, but the internal relations in ERA40 are of interest.
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river. Cloud albedo and precipitation both increase with SMI-L1 and VIMC. Standard deviations

are generaly higher for the Ohio (arepresentative set are shown). The distributions are generally

similar, but are shifted towards higher soil water, cloud cover and precipitation for the generally

wetter Ohio basin. Indeed the Ohio has a substantial number of days with VIMC > 10 mm day™.

4.3.2 Soil moisture, lifting condensation level, RH and
precipitation links

Figure 11 shows the link between soil moisture
index, P, stratified by daily precipitationrate (PR) infive
classes:
PR < 1 mm day*, labeled 0.5
1<PR<2mmday?, labeled 1.5
2 <PR <4 mmday?, labeled 3
4 <PR < 8mmday”, labeled 6
PR >8 mm day”, labeled 12
Near-surface RH is shown (with dight approximation) on
the right-hand-scale. LCL decreases and RH increases as

SMI and precipitation increase, and the relationships are
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Figure 11. Link between soil moisture

similar for both basins. The soil moisture-atmosphere index, P, ., , and RH, stratified by daily

couplingisatwo-way interaction. Soil moisture, especially

precipitation rate.

in the upper soil layer responds directly to precipitation. Evaporation from the surface increases

with increasing soil moisture (as well as when there is water in the skin reservoir) and this

increases RH and lowers the LCL. In addition the evaporation of falling precipitation lowers the
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LCL by bringing the sub-cloud layer
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is noticeably less steep than the corresponding relation in ERA40. Thisincreases the ratio of the
surface cloud radiative forcing to the diabatic precipitation forcing (see Figure 15 later). The
coupling of precipitation with LCL goes both ways, asdiscussed in section 4.3.2. A lower LCL is
associated with a higher saturation mixing ratio at cloud base (and therefore more precipitation,
and the evaporation of faling precipitation lowers the LCL. Nonetheless, this means that
knowledge of the near-surface LCL provides additional information in the determination of say

precipitation from satellite radiances.
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larger outgoing LW, ,(Clear). The outgoing all-sky LW, .= (Upper curves) decreases further
with increasing o, The LWCFg, defined by (6) as the difference varies primarily with oo
Asaresult, the surfacetotal cloud forcing, CFg- shownin Figure 14(b), isalmost alinear function
of 0 o,g With no dependence on LCL. The Missouri basin is similar (not shown), except that for
the same a4, CFre IS alittle smaller in magnitude for the Missouri. There are two reasons for
this: the Missouri basin hasahigher mean latitude, so that the mean SW fluxesarealittle smaller,
and the atmosphere over the Missouri isdrier, so that the outgoing net LW fluxesare alittlelarger
in magnitude. The ISCCP surface LW fluxes are not good enough to evaluate the LW cloud

forcing in ERA4O [Betts et al. 20034].
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the surface SW dloud forcing. ERA4Q is Figure 15. Relationship between precipitation diabatic forcing

. . . and surface cloud forcing, stratified by a4 and P, ¢, for
on the left for the Missouri and Ohio ERAZ0 and observations.

basins and on the right is the corresponding relation between the NCDC precipitation and the
ISCCP cloud forcing. The relationships are similar for both basins, with dlightly larger cloud-

forcing for the Ohio, when cloud cover and precipitation ishigh, asdiscussed above. For the Ohio,
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the reanalysis and the observations are very similar. For example, for the Ohio basin for P o =
60hPa, the ratio (SWCFg)/Precip =0.51 for both reanalysis and =0.61 for observations. For the
Missouri basin, thissameratioisalsolarger for theobservations(=0.7) than thereanaysis(=0.48).
Thisratio of the diabatic impact of clouds at the surface to that in the atmosphere is an important
climate parameter, and it appears that ERA40 has alow biasin summer (and alarger low biasin
winter, not shown here). The surface cloud radiative forcing also plays an dominant role in the

variation of surface net radiation, R, 4= (S€€ NEXt section).

5. Links between cloud albedo, soil moisture and surface energy budget
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is shown in Figure 16, as afunction of o, and SMI-L1. The clear-sky flux decreases dlightly
with drier soilsand less cloud cover, while cloud forcing isamost alinear decreasing function of
0404 (BSaready seenin Figure 14(b) for the P, partition). Sothevariation of R, 4 iSdominated
by the cloud radiative forcing, which inturn depends on a4, Whichisrelated to ao,, 8sshown

in Figure 3.

5.2 Surface fluxes and evapor ative fraction

Figure 17 shows the relationship of evaporative — °° ' 59?}(}%1 I
fraction EF, to temperature and soil moisture index. As > __,_—”'—
expected, EF increases sharply with SMI, because LE w :;: ——"// _ % - {
increases and H decreases, and also with temperature. Note o5 1 /k a ][ ,,,,,,,,,,, -
that for the Ohio, soil moisture values, EF and the standard 0.4 ] a} E %%
deviations are larger than for the Missouri river basin. For 0 12 1I6T' (flsc) ™z o
reference, Figure 17 also showsthe slope with temperature | OMO oor e eveporton
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of the classic ‘equilibrium evaporation’ relation [Priestley  os- /
and Taylor 1972; McNaughton 1976], defined as " 0'7': ) =

Equilibrium evaporation = B/(1+p) (15) ] l:
where B = (L/C,) (0/aT), is related to the Slope of the :j =

Clausius-Clapyron equation at constant pressure, taken here N A

as the mean surface pressure, 900hPa for the Missouri and
Figure 17. ERA40 EF as afunction of

976hPafor the Ohio. The relations for EF are similar for teémperature and soil moisture index
for Missouri and Ohio.
the two basins, despite the differences in the model

vegetation parameters; the Ohio isover 85% forested, whilethe Missouri forest cover islessthan
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15%. Therather sharp partition of daily mean EF by near-surface (0-7cm) soil moisturein ERA40
would suggest that useful information on EF might be determined from temperature and
microwave estimatesof near-surface soil water. Themore detail ed dependence of EF onvegetation

characteristics has not been addressed here.

6. Discussion and conclusions

This paper maps the complex relationships in ERA40 of clouds and precipitation to
moisture convergence and land surface and boundary layer processes for sub-basins of the
Mississippi on time scales of a day and space scales of order 800km. The intent isto provide a
framework for model diagnostics that can be evaluated against observations. Model shortwave
fluxes have been compared with ISCCP data, and model precipitation with gridded surface
observations. Soil moisture, LCL and moisture convergence have been taken from the reanalysis
to stratify relationships.

Theeffectivecloud albedo at the surface, definedintermsof thesurface SW cloudforcing,
isproposed as a useful missing link that connects the cloud fields to both surface and large-scale
processes. Thisdefinition removesthelarge seasonal variation of clear-sky fluxes associated with
changing solar zenith angle. The surface cloud albedo is closely related to the TOA SW cloud
forcing, which is readily observed from space. On the daily timescale, basin-mean cloud albedo
for ERA40 and ISCCP are well correlated. However, ERA40 has a systematic low biasin cloud
albedo compared to ISCCP for all basins: small in summer, and largest in winter when it reaches
-10%. Thiswinter low cloud bias, which is seen on ailmost all days, suggests that the removal of
cloudwater by large-scal e preci pitation processesistoo efficient in ERA40. Thiscloud albedo bias

on the basin scale, derived here from satellite data, has amost the same seasonal pattern as that
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derived by comparing ERA40 with direct measurements from three flux towers in central
Saskatchewan [Bettset al. 2006a]. The seasonal biasin model cloud isnot related to the seasonal
biasin model precipitation, which varies between basins.

In the warm season, cloud albedo and precipitation both increase with moisture
convergence and a lower cloud-base in a similar manner in both reanalysis and observations. In
ERA4O, cloud albedo and precipitation both increase also with moisture convergence and soil
moisture. Thesoil moisture-atmosphere couplingin ERA40isatwo-way interaction. Near-surface
relative humidity, the lifting condensation level, soil moisture and precipitation are also closely
coupled. Soil moisture, especially in the upper soil layer responds directly to precipitation.
Evaporation from the surface increases with increasing soil moisture (as well as when there is
water intheskinreservoirs) and thisincreasesRH and lowersthe LCL. In addition the evaporation
of falling precipitation lowersthe LCL by bringing the sub-cloud layer closer to saturation, and this
effect increases with increasing precipitation rate.

The relation of precipitation to cloud albedo is similar for both model and observations,
with little dependence on moisture convergence, but a strong dependence on cloud-base. Theratio
of the surface cloud radiative forcing to the diabatic precipitation heating (of importance to the
model climate over land) depends on cloud base, and islower in ERA40 than for the observations.

The surface energy budget was split into the surface net radiation and the evaporative
fraction. The surface net radiation depends on the clear-sky fluxes and the surface cloud radiative
forcing, which depends largely on the cloud albedo. Evaporative fraction is closely linked in
ERA40 to temperature and soil water (as well as vegetation parameters). Thiswould suggest that
useful information on EF might be determined from temperature and microwave estimates of near-

surface soil water.
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Sincecloud feedbacksareamajor source of uncertainty in climate modeling, aquantitative
framework for their evaluation in relation to both the surface energy budget and the precipitation

diabatic forcing is likely to prove useful.

Acknowledgments. Alan Betts acknowledges support from NSF under Grant ATM0529797,
from NASA under NEWS Grant NNGO5GQ88A and from ECMWEF for travel. | am grateful to
Anton Beljaars and Pedro Viterbo for helpful discussions and to the entire ERA40 team for their
assistance. Especia thanks to Bill Rossow and Y .-C Chang for the basin-averaged ISCCP data;
and to Mike Bosilovich for the basin averaged precipitation data, derived from the US Unified
Precipitation data provided by the NOAA-CIRES Climate Diagnostics Center, available from

http://www.cdc.noaa.gov/.

References

Betts, A.K (1997), ‘ The Parameterization of deep convection’, Chapter 10 (pp 255-279) in* The
Physics and Parameterization of Moist Atmospheric Convection, Ed. R. K. Smith, NATO AS|
Series C: Vol. 505, Kluwer Academic Publishers, Dordrecht, 498pp.

Betts, A. K. (2004), Understanding Hydrometeorol ogy using global models. Bull. Amer. Meteorol.
Soc., 85, 1673-1688.

Betts, A. K., JH. Bdl, A.C.M. Beljaars, M.J. Miller and P. Viterbo (1996), The land-surface-
atmosphere interaction: a review based on observational and global modeling perspectives. J.
Geophys. Res. 101, 7209-7225.

Betts, A. K., J. H. Ball, M. Bosilovich, P. Viterbo, Y .-C. Zhang, and W. B. Rossow (2003a),

Intercomparison of Water and Energy Budgetsfor five Mississippi Sub-basins between ECMWF

23



Reanalysis (ERA-40) and NASA-DAO fvGCM for 1990-1999. J. Geophys. Res., 108 (D16),
8618, doi:10.1029/2002JD003127.

Betts, A. K., J. H. Ball and P. Viterbo (2003b), Evaluation of the ERA-40 surface water budget
and surface temperature for the Mackenzie River basin. J. Hydrometeorology, 4, 1194-1211.
Betts, A. K and P. Viterbo (2005), Land-surface, boundary layer and cloud-field coupling over the
south-western Amazon in ERA-40. J. Geophys. Res., 110, D14108, doi:10.1029/2004JD005702.
Betts, A. K, JH., Bal, P. Viterbo, A. Dai and J. A. Marengo (2005), Hydrometeorology of the
Amazon in ERA-40. J. Hydrometeorology. 6, 764-774.

Betts, A. K. (2006), Radiative scaling of the nocturnal boundary layer and the diurnal temperature
range, J. Geophys. Res., 111, D07105, doi:10.1029/2005JD006560.

Betts, A.K., J. Bdll, A. Barr, T. A. Black, J. H. McCaughey and P. Viterbo, (2006a), Assessing
land-surface-atmosphere coupling in the ERA-40 reanalysis with boreal forest data. Agricultural
and Forest Meteorology, doi:10.1016/j.agrformet.2006.08.009.

Betts, A.K., M. Zhao, P. A. Dirmeyer and A.C.M. Bédljaars (2006b), Comparison of ERA40 and
NCEP/DOE near-surface datasets with other ISLSCP-11 datasets. J. Geophys. Res., 111, D22S04,
doi:10.1029/2006JD007174.

Higgins, R. W., J. E. Janowiak and Y -P. Yao (1996), A Gridded Hourly Precipitation Data Base
for the United States (1963-1993), NCEP/Climate Prediction Center ATLAS No. 1, U. S.
Department of Commerce, National Oceanic and Atmospheric Administration, National Weather
Service,

Higgins, R. W., W. Shi, E. Yarosh, R.Joyce ( 2000), Improved United States Precipitation Quality
Control Systemand Analysis', NCEP/Climate Prediction Center ATLASNo. 7, U. S. Department
of Commerce, National Oceanic and Atmospheric Administration, National Weather Service.

Kalberg, P., A. Simmons, S. Uppala and M. Fuentes (2004), The ERA-40 archive. ERA-40

24



Project Report, No. 17, 3lpp., ECMWEF, Shinfield Park, Reading RG2 9AX, UK.
http://www.ecmwf.int/publicationg/library/ecpublications/_pdf/erad0/ERA40 PRS17.pdf
McNaughton, K. G. (1976), Evaporation and Advection |: Evaporation from Extensive Homoge-
neous Surfaces, Quart. J. Roy. Meteorol. Soc. 102, 181-191.

Pinker, R. T and 13 co-authors (2003), Surface radiation budgets in support of the GEWEX
Continental-Scale International Project (GCIP) and the GEWEX Americas Prediction Project
(GAPP), including the North American Land Data Assimilation System (NLDAS) project, J.
Geophys. Res., 108 (D22), doi:10.1029/2002JD003301.

Rossow, W.B., and Y-C. Zhang (1995), Calculation of surface and top-of-atmosphere radiative
fluxes from physical quantities based on ISCCP, Part I1: Validation and first results. J. Geophys.
Res., 100, 1167-1197.

Priestley, C. H. B. and Taylor, R. J. (1972), On the Assessment of Surface Heat Flux and
Evaporation, Mon. Wea. Rev. 106, 81-92.

Uppala, S.M. and 45 co-authors (2005), The ERA-40 Reanalysis. Quart. J. Roy. Meteorol. Soc,
131, 2961-3012.

Van den Hurk, B.JJM., P. Viterbo, A.C.M. Beljaars and A. K. Betts (2000), Offline validation
of the ERA-40 surface scheme. ECMWF Tech Memo, 295, 43 pp., Eur. Cent. For Medium-Range
Wesather Forecasts, Shinfield Park, Reading RG2 9A X, England, UK.
http://www.ecmwf.int/publicationg/library/ecpublications/_pdf/tm/001-300/tm295.pdf

Zhang, Y-C., W.B. Rossow, and A.A. Lacis(1995), Calculation of surface and top-of-atmosphere
radiative fluxes from physical quantities based on ISCCP, Part I: Method and sensitivity to input

data uncertainties. J. Geophys. Res., 100, 1149-1165.

25




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


