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Abgtract

A spatially and temporaly continuous globa offline land-surface data set (GOLD) has been
produced for the period 1979-1999. Its intent is to be used for specifying initial and/or boundary
conditions for globa climate modes, dimate variability anayses over land, and gpplicationsin hydrology,
ecology or biogeochemistry. Hybrid sets of forcing data have been produced by combining the 6-hourly
reanayses with observed monthly data sets to reduce systematic errorsin the reendysis. These dataare
then used to drive aland surface scheme, producing a data set of surface sate variables and fluxes. Both
forcing and land surface data sets have been produced at severa different resolutions. A brief andysisis
presented of the grand mean, mean annua cycle, and seasond-interannuad variability of key surface energy
and water balance terms.  Caculations have been performed over a number of sub-continental scale
regions to examine the climatology of the data set. Comparisons are dso made between this 21-year
period, and the shorter periods of ISLSCP Initiatives 1 and 2 to seeif the |ISLSCP periods are statistically
representative of the longer term.



1. Introduction

One of the greet ironies of the environmenta sciencesisthat thereis such apaucity of climaticaly
useful deta a the earth’ s land surface, where virtudly al of the human population lives, compared with the
sea surface and the atmosphere. There are severa reasons for this. The sea surface, and some aspects
of theatmosphere, are easly observed by satellite, providing continuousgloba coverage. Over land, most
of the truly useful quantities for climate research and prediction (e.g., Soil moisture profiles, snow liquid
water content, vegetation density, surface roughness, and evapotranspiration) cannot bewell estimated by
current satdllites. Only surface color (abedos, and by inference some vegetation coverage statistics),
radiative skin temperature, and in some cases near surface soil moisture can be observed from space
(Sellerset a. 1990). In situ measurements for the atmosphere are routingly collected as part of a globa
observing network (WMO 1996). Stationary buoys, research vessals and ships of opportunity collect and
report ocean measurementsfor regular globa analyses. But there are few routine observations of theland
surface state, such as soil moisture, temperature, vegetative state and snowpack, and the onesthat do exist
tend to be highly regiondized or nationdized, and not fed into agloba andysis. Regular measurements of

surface heat and moigture fluxes are exceedingly difficult to make, and are thus virtudly non-exisent.

Because there areroutine analyses of the near surface atmospheric state, made global through data
assmilaioninto adynamical atmospheric mode, the option exigisto caculateagloba land surfaceandysis
using an appropriatemode of theland surface. Today there exist many so-called “ second generation” land
surface schemes (L SS) that incorporate at asuitablelevel of complexity the physical processesthat control
surface heat and moisture fluxes (Polcher et d. 2000). One or more of these LSSs, given a satisfactorily
accurate globd dataset of land surface parameters (soil and vegetation properties), can beintegrated over
time, driven by the best near-surface amaospheric andyses, to create a sdf-consstent global data set of

the evolving land surface state. In addition, model estimates of surfacefluxesaredso produced. They may



not be perfectly accurate, but they will be congstent and satisfy the basic water and energy baances a the
surface. Such balance is not usudly attained even over smal spatid and time scaleswhere intense surface

measurements are made (e.g., Betts and Ball 1998).

The Globa Land Atmosphere System Study (GLASS) of the Globa Energy and Water Cycle
Experiment (GEWEX) has identified the need for improved representation of surface and near surface
fiddsand to initidize correctly the dowly varying components of the land surface for seasond predictions
(Polcher et a. 2000). There is little hope that in situ observations can provide al of the necessary
information for the congtruction of global data sets, because of the large spatid heterogeneity of
land-surfaces and the economic and political barriers to implementing and maintaining such a network.
Remote sensing can provide globd coverage, but the set of observable parameters is limited to the
vegetation cover and the first few centimeters of the soil. In order to obtain the globa state of the dower

components, the in situ and remotely-sensed data will need to be assmilated in one or more LSS.

In recent years there have been severa globa atmospheric reanadyss projects (the Nationa
Centersfor Environmenta Prediction, Kanay et d. 1996; the European Centre for Medium-range Weather
Forecasts, Gibson et a. 1997; the NASA Data Assmilation Office, Schubert et d. 1993) with the aim of
assmilating the most complete and accurate observationa data into sate-of-the-art atmospheric models
to produce cong stent multi-year andyses of the state of the atmosphere at sub-diurnd timeintervals. Such

data sets are ided for driving a LSS to produce land-surface analyses over the same multi-year periods.

Of course, each reandysis modd is dso coupled to a LSS to produce the analyses. Why not

smply usethoseland-surface products? The reason isthat the atmospheric modelsare imperfect, and they



introduce errors into the reandys's, particularly in regions where there islittle or no observational data to
assmilate. There exist globa observationa data sets, often at much lower tempora resolution (typically
monthly means), which are of superior qudity to the reandys's averaged over those same time intervas.
If these data sets overlap the reanaysis time period, they can be used to scale the reanalysis data so that
the monthly means agree (e.g., Mitchell and Lin 1994). Such ahybrid retains the high tempora resolution

and global coverage of the reandlys's, but with a better climatology.

Often the observationa data sets cover fewer years, or different yearsthan thereanayses. If the
erorsin thereandyss are largely systemétic (i.e., they do not vary much from year to year), the scaing
of the reandysis data can be extrapolated to years outsde the observed data set, providing at least some

degree of improvement over the origina reanayss.

These processes of producing hybrid near-surface atmospheric analyses are applied to cresgte a
data sat for driving a LSS to produce a multi-decada globa andysis of the land surface. Thisdatasetis
produced in an uncoupled mode — that is, the LSS is integrated offline without feedbacks to an
atmospheric generd circulation model. Thuswe usetheterm Globa Offline Land-surface Dataset (GOL D)
to describe the result of this procedure. Our primary motivation is to produce a data set of land surface
state varidblesfor initidizing climate mode smulations. Sincewe are using the same LSS asin our dimate
model, the data are quite consstent for this application, minimizing land surface spin-up issues. The data
st itsdf representsamulti-decadd climatology of theland surface for sudying the seasona and interannua
variability of land surface climate. The data set may aso be useful as an input for other modd's requiring

continuous spatial and tempora coverage, such as hydrologic or biogeochemica models.



This paper describes the production of the hybrid forcing data set, as well as the resulting land
surface climatological data set (GOLD). Section 2 describes the various observationd and analysis data
sets aswdl asthe hybridization process. Section 3 describes the LSS and the process of integrating it in
this context. Section 4 presents adescription of the globd land-surface dataset. A summary is presented

in section 5.

2. Atmospheric forcing data

A globd offlineintegration of an L SSrequires continuous near surface meteorologica dataat ahigh
tempora resolution (resolving the diurna cycle). The best sources of such continuous data are the
operational meteorological reandyses. For this project, we are using the National Centers for
Environmentd Prediction (NCEP)/Nationad Center for Atmospheric Research (NCAR) reandyss (Kanay

et a. 1996; Kidtler et a. 2001).

Eight fields are required to drive the typicad LSS near surface air temperature, humidity, wind
speed, surface pressure, downward hemispheric shortwave and longwaveradiation, total precipitation and
the convective component of precipitation. The precipitation variablesin the reanalysis are reported as 6-
hour totals. The other fields are 6-hour averages. Thesefiddsaredl part of the sandard reanaysis data

Set.

The reandysis is very much a moded product, and is subject to errors that arise as a result of
unavoidable shortcomings due to the modd resolution, parameterizations, and inherent physica
assumptions.  This is particularly true in data-sparse regions, where there are few meteorological
observationsto assmilate. A number of gridded observational data sets at lower tempora resolution are

used to help condtrain the reanalysis. These observationa data sets help to reduce systematic errors on



the monthly time scde in the reandyss. However, they do not help us to improve upon the synoptic and

diurna variability depicted in the reanayss.

A number of regional precipitation data sets are used to provide a regiond correction to the
monthly meanrainfal of thereandyss. Over the United States, therainfall dataof Higgins (1996) are used.
These data are at 2.5E gpatia resolution, and cover the entiretime period. Thereisrecent evidenceusing
an expanded observational network that the Higgins datamay have adry bias (Y arosh 2001). No attempt
ismadeto correct for that bias, asthat assessment was made with datafrom more recent yearsthat do not

overlap with most of our time period.

Over South America, the gridded dataof Webber and Willmott (1998a) areused. Thesedataare
at ardativdy high 1E spatia resolution, but do not cover thetime period after 1990. Over India, the station
dataof Singh et a. (1992) are used. These data are gridded to the resolution of the offline LSS, using a

Cressman (1959) analysis. These data cover the monsoon seasons of 1971 - 1990.

The globa Climate Monitoring, Analyss and Prediction (CMAP; Xie and Arkin, 1997)
precipitation data set is used to provide a correctionto the monthly meanrainfal of thereandyssover the
regions mentioned above during the periods outside the range of those data, and over areas where we do
not have regiona precipitation data sets. The data set spans the period of 1979-1999. In fact, the span
of the CMAP precipitation datawas amgor factor in defining the time period of the land surface data set.

The data are at 2.5E spatid resolution.

For precipitation, aglobal mask isused so asto apply corrections based on the regiona data sets,

when available, in preference to the globad CMAP data (Figure 1). The errors are removed by



multiplication by ascaling factor based ontheratio of observed monthly rainfal to NCEP/NCAR estimates,

rather than by subtraction of the error:
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To get the corrected forcing data for precipitation, the value at a grid box of one of the reandyss
precipitationterms (total or convective) a agiven year, month, day and 6-hour timeinterval [Rycep]y v p. 1
is scaled by theratio of the monthly mean observed precipitation to the corresponding mean vauefrom the
reandysis for that month. This gpproach avoids problems of negative vauesin postive definite quantities
with frequent zeroes, suchas downward shortwaveradiation. It providesthe best attainableimprovement

in the NCEP/NCAR estimates given the lack along-term sub-monthly observationaly-based data set.

No attempt is made to adjust the monthly storm frequency (Liston et a. 1993), as was done for
the 6-hourly precipitation estimatesin the ISLSCP Initiative | dataset (Mitchell and Lin 1994). Nor isany
attempt made to adjust the diurnd cycle, which is known to bein error over someregions. For example,
Fig. 2 shows two complete diurnal cycles of precipitation averaged over June-Sept 1986-1995 at 35EN
fromHiggins (1996) hourly data, and the NCEP/NCAR reanalyss. The percentage of daily precipitation
fdling during the ensuing 6-hour period isshown — large contrasts along the vertical indicate strong diurna
cycles peaking where the shading is darkest. Thereis a strong diurnd variation in the west, moderate in
the eadt, and very little variaion over the Missssppi Vdley (near 95EW). Thereandyssshowsgenerdly
little variation across North America, except for a dightly stronger diurnd cycle in the west.  Also, the
reendyds failsto pick up the eestward propagation of sormsforming in the afternoon near the front range

of theRockies. Inthereandysis, rainfal isstrongly locked to the radiative maximum near local noon. The



only assurance that can be madein the adjustmentswe gpply isthat the monthly mean precipitation should

agree with the observation data, with some smal differencesintroduced asaresult of spatid interpolation.

Thereisanother cavest for the precipitation data. Because some of theregiona observational data
sets do not cover the entire 21-year period, there may be shiftsin the gatistics of monthly precipitetion at
the trangitions between globa and regiond datasets. Similarly, theremay beinconsstencies near thelaterd
boundaries of the regional observed datasets. We have chosen to sacrifice complete consistency in favor
of providing the best possible estimates of precipitation a any particular place and time. We consider any
gridded, or rdlaively dense gauge dataset that coversat least onethird of the 21-year period to be worthy

of incluson in the hybrid precipitation data .

The surface temperature data of the Climate Anomaly Monitoring System (CAMS; Ropdewski
et a. 1985) are used to correct systematic errorsin the monthly reanaysis near surface air temperature.
The CAM Sdata have been gridded to a2.8Ex1.8E grid, with correctionsfor variationsin sation dtitudes
(M. Fennessy, persona communication). Over South America, the gridded temperature data of Webber

and Willmott (1998b) are used for the period 1979-1990.

To adjust downward rediation, the diurnd cycleisparticularly important. Thelnternationa Satellite
Land Surface Climatology Project (ISLSCP) Initiative | dataset (Meeson et d. 1995) containsamonthly-
three-hourly globd gridded data set of surface downwave and shortwave radiation derived from ISCCP
(Rossow and Schiffer 1991). The data are for the 24 months of 1987-1988. Investigation of the errors
in the monthly mean downward radiation at the surface from the NCEP/NCAR reandysis, compared
againg the eight-year Surface Radiation Budget (SRB; Stackhouse et a. 2000), show that they are very

systematic from year to year. Figure 3 shows an example for the month of July. The systematic nature



of the errorsis shown by comparing the top and bottom panels— areaswhere mean errorsare large dso
have alargeratio of root-mean-square error to interannual standard deviation. The SRB data compare
very smilarly to the radiation data of ISLSCP Initiative | during 1987-1988 (Figure 4), but lack the
information on the diurna cycle. Thus, the choice was made to use the shorter ISLSCP Initiative | data
set. We create ahybrid radiation forcing data set for shortwave and longwave by removing the monthly

mean diurnd cycle of systematic error from the NCEP/NCAR reandyss estimates.

As with precipitation, a multiplicative scaling is used to adjust the NCEP/NCAR reandysis

estimates:

. [Rls_scp,snss]MT
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This is smilar to the process used to produce hybrid data sets for the other quantities where suitable
observational data sets are available. However, for temperature and precipitation, suitably long data sets

exig, such that we do not have to assume interannua stationarity in the systematic errors.

The near surface temperature estimates from the NCEP/NCA R reanayses have been adjusted by
subtracting the monthly mean errors as estimated from the gridded CAM S station data, or the Webber and
Willmoatt (1998b) temperature data over South Americathrough 1990. Both data setshave been corrected
for variationsin eevation between the observing stations and the grid mean devation. These adjustments
to temperature a so affect the estimated saturation specific humidity. Thus, itisaso necessary to adjust the
esimates of near surface specific humidity from the NCEP/NCAR reandyss to avoid incidents of
supersaturation.  This is done by assuming the same relative humidity before and after the temperature
correction, and then adjusting the specific humidity accordingly to agree with the adjusted temperature.

8



Idedly we would use an observed data set of near surface humidity consstent with the observed

temperature data, but no such data set exists.

The only fidds of the NCEP/NCAR reanadysis which are not adjusted are the wind speed and the surface
pressure. Surface pressure is one of the mogt reliable quantities in the NCEP/NCAR reanaysis (Kanay
et d. 1996), and dthough it is a component in the caculation of some surface moisture termsin the LSS,
it isnot acriticaly important component. As with humidity, we do not have a suitable observationa data

et over land to improve upon the near surface winds of the NCEP/NCAR reanayss.

Any of the near surface meteorologica datasets can be easily recreated with theincluson of newer
or better observational dataasthey becomeavailable. With GOLD, weintend to use version numbersand

associated updates to documentation of the data set to indicate such changes.

It is possible to extend this hybrid correction of the NCEP/NCAR analysis data set further back
in time. Gridded observed near surface monthly temperature data cover the entire period of the
NCEP/NCAR reandysis. However, asmilar observed precipitation product does not exist. Provided
the biases of the reanalysis can be assumed to be stable, one could extend the correction procedure for
precipitationjust asit hasbeen donefor radiation. Thismay beamajor condition, particularly for aquantity
asimportant as precipitation. Therefore, while the forcing data set could be extended back to the late

1940s, an additiona caveat would have to be made for any the period prior to 1979.

The hybridization process could easily be applied to any other high tempord resolution analyss,
such as the NCEP/DOE reanalysis spanning only the AMIP-2period, the ECMWF ERA 15 or ERA 40

reanayses, or the products of the NASA Data Assmilation Office,



The resulting hybrid 6-hour reandysis-based forcing data set is a valuable data set itsdf. It
represents afirg-order improvement over theorigind reanalys's, and may be useful to gpplicationsinland-

surface, ecologica or hydrologic modeling.

3. Modd Integration

Anupdated verson of the 2-dimensond implementation of the Smplified Smple Biosphere (SSB;
Xueetd. 1991; 1996, Dirmeyer and Zeng 1997; 1999) modd with anew core/driver structure has been

used to produce the land surface climatological data .

a. SSB model history

The Smple Biogpheremode (SiB), one of the most successful implementations of acomplete LSS,
was originaly developed by Sdllerset d. (1986), and has served asa standard in the field ever since. The
treatment of moisture and heat fluxes between soil, vegetation and atmospherein SB is based on the so-

cdled “big leaf” philosophy, acircuit of rheodtats.

Due to the SB modd’ s complexity and some limitations for its gpplication to NWP and climate
smulations, Xueet d. (1991) developed asmplified verson of SB (SSIB) by andyzing the SIB equations,
identifying the dominant parameters and simplifying the parameterization and structure of SB. In this
verson of SSB there are ten prognodtic variables including temperature and soil moisture for each of the

three soil layers, and atemperature and moisture store for the vegetation canopy and land surface.

SSB has been used in a number of different applications. Used as a point modd, SSIB can be
driven by the observationsfrom asingle meteorological station or insrumented field Ste. SSB candso be

coupled with an atmospheric column modd in one vertica dimension. The verson of SSB which is fully
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coupled into an numerica amospheric modd is referred to as the three-dimensiond implementation. In
order to perform the testing and calibration of parameters and parameterizations in a globa framework,
atwo-dimensond offline implementation of SSB (2DSB) modd was developed by Dirmeyer and Zeng
(1997). Itdlowsglobd smulation of hydrologic and energy flux termsaat the land surface driven by grided
meteorologicd data. It has been used as atool for land surface data assmilation and model devel opment,

such asthe Globa Soil Wetness Project (GSWP; Dirmeyer et d. 1999).

b. New core/driver structure & spatial independence

To make the SSIB modd more flexible to different goplications and to facilitate modd updating,
we have adopted and implemented anew core/driver mode structure. Thisnew mode structureis coded
in FORTRAN 90, and contains three parts. anupdated verson of the unified point/grid SSB core mode,
a driver (which can be agenera 1D or 2D offline land mode driver, or an atmospheric modd), and a

gtandard interface between them. (Figure 5).

The new standard SSIB core moddl’ sfunction isto advance land Satesa asinglepoint and asingle
time-gep into the future. The intention of severing the core from the driver isto separate the coding tasks
of model development for modd operation. Thus, no user modification needs to be done on the core
model to use it for a new gpplication. In other words, the core modd is independent from its driver. It
communicates with the driving part (offline driver or GCM) through the standard interface. Dynamic
memory alocation and data modules are used for data passing between the core and the driver. Any
changesto the parameteri zations of the core modd will not affect the driver, and this makes both the mode
goplication and moded updating more convenient. The new SSB core model has been verified in Sngle

point/grid s mulationswith data setsfrom the Project for Intercomparison of Land Surface Parameterization
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Schemes (PILPS,; Henderson-Sdllers et d. 1995), aswell asin globa scde smulationsin the framework

of GSWP (IGPO 1995).

A relatively generd and flexible new 2D driver (following the GSWP dataformat convention) has
beenimplemented based on the 2DS B modd and applied to thisland data sets generation exercise. Inthis
driver, the modd integration time intervd, forcing data time interval and modd output time interva are al
adjustable, and the mode resolution is dso easlly adjusted for different gpplications by smply editing a
control file and the driver’s data model. The new 2-D driver has been tested in GSWP smulations. It can

aso be used for driving other core L SSs with minor modification.

c. Initialization and spin-up process

Sinceintegration of the LSSrequiresinitial conditionswhich include soil wetness and temperature,
but observed global soil wetness and temperature dataare nonexistent, we decided to create aredistic soil
wetness initial condition by spinning the model up for a continuous 24-year period (1976-1999) instead
of recursively reintegrating one year, aswasdonein GSWP. Thefind statefor 0000UTC 1 January 2000
isused astheinitid condition for the 1979-1999 integration, which generates the expected land surface
climatologica data set. This extended spin-up insures that the deep soil will be in reasonable equilibrium
at the gart of the integration. Of course, any unique anomalies induced by the conditions leading up to
1979 will be lost. However, it was found that in the absence of CMAP precipitation data to adjust the
reanays's precipitation prior to 1979, the satistics of therainfall for 1976-1978 were sgnificantly different
from the latter period. The differences were large enough to adversdly effect the smulation of runoff in

SSB. Thus, it wasdecided that starting from 1 January 2000 conditionswas theless objectionable option.

d. Resolution, data intervals, flexibility (Fig 6 of resolution overlays)
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Four different resolutions of the GOLD data sets have been produced, corresponding to the four

principal Gaussian grids employed by the spectrd COLA GCM:

T31 (96 longitude x 48 latitude) with 1034 ice-free land grid points

T42 (128 longitude x 64 latitude) with 1811 ice-free land grid points

R40 (128 longitude x 102 latitude) with 2902 ice-free land grid points

T63 (192 longitude x 96 latitude) with 4106 ice-free land grid points

These GCM resolutions can be contrasted with the GSWP experiment at 1E resol ution, which had 14,637
ice-free land grid points. Figure 6 shows an example overlay of these various resolutions, as well as the
grid of the NCEP/NCAR reanadysis and the origind 1E ISLSCP Initiative | dataset. Regiond or globa
smulations can also be produced a any arbitrary resolution, aslong asaland-seamask isprovided at that

resolution. Vegetation and soil properties are interpolated from the ISLSCP Initiative | data set.

For each of the four resolutions listed above, a 30-minute integration time interva is used. The
forcing datatimeinterva is 6 hours, and modd output timeinterva isonceamonth. All thesetimeintervas
are adjustable and can be controlled by theuser. Theforcing dataare interpolated from the 6-hour interval
to the LSStime step. Linear interpolation is used for most fields. Shortwave radiation is adjusted so that
the loca sunrise and sunset timesare preserved. The convective component of precipitation isredistributed
within the 6-hour interval according to a pre-defined probability dengity function to better represent the
episodic nature of convective rainfal, and improve the partitioning of that precipitation between infiltration

and runoff.
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4. Land Surface Data Set

There are three basic types of data set that are associated with the LSS, onefor input and two for
output. First arethetime-invariant fieldsthat define characteristics of the landscape important to the LSS.
Table 1 shows alig of these fields. They predominantly include soil parameters regarding the moisture-
holding capacity. Also included is the vegetation type, whichis categorized in Table 2. No attempt has
been made to account for changing land use over the period of integration. At the spatid scales of GCM
grids, the changes would be marginal over two decades. If integrated on regiona scales at higher

resolution, there could be ared impact to using atime-varying data set of vegetation cover.

There are two categories of time-varying output fields from the LSS, following the structure of
GSWP (IGPO 1995): time-mean fidds and ingtantaneous values. The basdine data sets have been
produced with a one-month output interval, but as mentioned before, grids can be output at virtualy any
regular interval. The time mean fidds are meant to provide aclimatologica data set of land surface fluxes
and daevaiables. Theingantaneousfiedsare particularly useful for providing initia conditionsto coupled
land-atmosphere model integrations. The can aso be used for spot validation with remotely sensed data
withinanarrow timewindow. Tables3 and 4 list the variables output at thesetimeintervasand their units.
Because of the legacy of GSWP, there are some redundancies and peculiaritiesin the list. For example,
inthelig of instantaneousfields (Table4), surface soil wetness gppearstwice. There are dso some specia
s0il moisture varigbles. Soil wetnessindex (SWI) isanormaized linear measure of soil wetnessthat ranges
from O (wilting point) to 1 (field capacity). SWI could conceivable be grester than 1, or negetivein certain
ingances for this LSS, Normalized Available Water in the surface and rooting layersis smilar to SWI in
definition, and ranges from O (wilting point) to 1 (saturation). Available water in the top meter of soil is

ca culated for easy comparison to gravimetric measurements. Itisinterpolated depending on the soil profile
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atagivengridpointinthe LSS, The assumption in thiscaculation isthat soil moistureisevenly distributed
throughout each layer, so that alinear interpolation can be used to estimate avail able water in the top meter

of soil.

In the remainder of this section, we examine the climatology of the 21-year globd offline land
surface data set. The T63 resolution data set (1.875E) is shown here exclusively, dthough the data sets
produced at lower resolutions are very comparable in their overdl features. We present an examination
of the mean date of the land surface, the mean annua cycle, interannud variability, and specific
comparisons to the exising GSWP smulations during the 1987-1988 period, and an examination of
characterigtics of land surface variability during the ten-year period of the ISLSCP Initiative 2 (1986-

1995).

a. Time mean

Figure 7 shows the annua mean climatologica vauesfor root zone soil wetness, surface latent and
sengble heat flux, and runoff averaged over the 21-year period. The LSS reports high vaues of soil
wetness over the tropics and a high latitudes, with the deserts well defined as dry. The zona gradient
across the central United Statesis evident, asisthe sharp meridiona gradient in the vicinity of the Sahdl of
Africa Laent heat fluxes are highest in the tropics, but globaly are generdly lower than the sengble heet
fluxes. Thisisaparticular characteristic of the SSIB LSS (Dirmeyer et a. 2000). Thelargest sensible heat
fluxes are over the interior of Audtrdiaand coastd regions around the Arabian Sea. Some of the lowest
vaues are over Europe (recdl that no caculation is performed over permanent ice over Greenland or
Antarctica). The pattern of runoff resemblesthat of soil wetness, with the greatest vaues over Indonesia,

Bangladesh, and the Amazon Bagin.
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Ovedl, the patterns of the time-mean surface energy and water balance terms appear reasonable
and consgent with the forcing data. The LSS localy conserves energy and water when run in this

uncoupled configuration.

b. The annual cycle

The zondly-averaged mean annud cycle of the same four quantities over land is shown in Fig 8.
Soil wetness and runoff reflect the oscillation of thelow-latitude Hadley circulation, and the cross-equatoria
travels of theterredtrid inter-tropica convergence zone (ITCZ). The summer monsoons are evident in soil
wetness around 20E-30E in both hemispheres. At higher Iaitudes, the springtime maximum in soil wetness
is aso present, with associated peaks in runoff about one month later that are driven in part by snowmet.
The annud cycles of latent and sengible heeat fluxes follow the oscillation of avalable solar energy. The
highest values of zond mean latent heeat fluxes occur off the equator in low latitudes, while sengble heat

fluxes pesk predominantly in the subtropics.

The annua cycle of surface water and energy budget terms have aso been calculated over a
number of regions that correspond with selected magjor river basins, continental-scale GEWEX research
aress and other regions with particularly interesting seasondity. Figure 9 outlines one dozen areas where

area averages have been calculated.

The terms of the water balance are shown in Fig 10. All regions chosen have arange of monthly
mean precipitation that span at least afactor of two during the year. Recall that precipitation is a specified
forcing, and the other terms shown are al the product of the LSS used here. Most areas show a
synchronization of evapotranspirationwith the precipitation cycle. In the subtropicsand mid-latitudes, this
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correspondence is due to the limitations on water availability in the soil during the dry season. At high
latitudes, the correspondence has more to do with the synchronization of increased availableradiant energy
during the summer, and a greater cgpacity of the summertime atmosphere to hold water vapor and ddliver
larger precipitation events. Water is not usudly alimiting factor for evaporation at high latitudes (Koster

and Suarez 1999). Over the Amazon, mode evapotranspiration is nearly uniform throughout the yesr.

As was evident in Fig. 8, runoff pesks during spring at mid- and high latitudes of the Northern
Hemisphere. In the monsoona regimes, runoff is synchronized withtherainy season. The LSS smulates
alate autumn maximum in runoff over the LaPlatabasin of South America, largely asaresponseto thewet
s0ils and shutdown of evapotranspiration during that season. Changesin storagereflect fluctuationsin both
s0il moigture in the active column (which may range from 1 to 6 meters depending on locetion), and in
snowpack. Thelossin water storage during spring a high northern latitudes is the sgnature of seasond
snow melt. Drier areas respond to the wet season predominantly by recharging soil moisture, while wet

regions typicaly have a pesk in runoff.

Figure 11 gives the corresponding picture for the surface energy baance. The bars denote
incoming radiant energy (positive downward), while the lines show responding hesat fluxes (positive
upward). The magnitude and phase of the cycle of net solar radiation is a clear indication of the latitude
of theregion. Net longwave radiation responds not only to the surface temperature, but to the effective
atmospheric temperature, which can be strongly modulated by clouds. This can reduce the net longwave
fluxesduring the wet seasonsat low latitudes. Latent and sensible heet fluxes often vary in tandem, except
inareaswherethereisastark contrast between wet and dry seasons, such asthe Sahel and India. Inthose

areas, high sengble heat fluxes give way to increasing latent heat fluxes with the onset of the rainy season.
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At high northern latitudes there are strong negative ground heet fluxes during winter. Thisisa
reflection of the definition of ground hegt flux in this LSS, which is measured by the change in soil
temperature. Inthis case, there is an exchange of heat from rlatively warm soil to cold snowpack. The

snow then dispels this energy by sengble heat fluxes and longwave cooling to the atmosphere.

C. Interannual variability

Figure 12 shows the 21-year time series of monthly precipitation anomdies (relative to the same
21-year period), and cumulative anomdies in the surface water balance terms. No specid sgnificance
should be assigned to the fact that dl of the cumulative anomalies return to zero at the end of the series,
because that is an artifact of the choice of the reference period. The relative trends and changes in the
cumulative anomdies over time are more meaningful than their absolute vaues. The trace of cumulative

changes in soil wetnessisin fact aproxy for the fluctuationsin column soil moisture.

In the tropica basins, cumulative runoff anomdies track the cumulative rainfdl anomdies very
closdly. The La Plata basin, though predominantly in the subtropics, also exhibits this behavior.
Evapotranspiration and soil moisture changes are fairly consistent throughout the period. In fact, due to
the finite holding capacity of the active soil column defined in the LSS and the lack of a parameterization
of recharge from below, the cumulative change in soil wetness is necessarily limited. Presumably, the
generdly humid conditions a low latitudes necessarily drives fluctuations in rainfdl to affect runoff, snce

evaporation israrely stressed.

In the subtropical areas, asomewhat different behavior isfound. Over the Sahd, thereareamilar
responses of both runoff and evapotranspiration to fluctuationsin rainfdl, with evapotranspiration having
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a somewhat stronger response. The strong decline in precipitation during the 1980s is evident in the
concomitant drop in runoff and evapotranspiration. A moderate rebound is seen in the late 1990s. Over
India, there is a curious trend from the mid-1980s to the mid-1990s when the runoff rate gppearsto have
exceeded the precipitation rate for nearly a decade, at the expense of evapotranspiration. The impact of
the record wet monsoon of 1988 is evident in the sharp increases in cumulative ranfal and runoff, offset
later by the poor monsoonsof 1991 and 1992. Over southern Africa, the reponseto fluctuationsin rainfall
gopears to be dmost wholly in cumulative evapotranspiration, with very little variaion in runoff. In fact,

il wetness varies more than runoff.

At higher latitudes, there till exists some correlation between cumulative runoff and precipitetion,
but there also exists a greet ded of variation in the other terms. The Mississippi-Missouri basin shows a
fairly strong anticorrelation between runoff and evapotranspiration. Over this basin, the 1988 drought is
very evident in the sharp decrease in cumulative precipitation and runoff. It is followed by an extended
period of recovery culminating in the floods of 1993. Inthis modd, there is not a profound response of
evapotranspiration to the 1993 flood (again suggesting a largely unstressed background dtate for
evapotranspiration), but there is a strong response during 1999. Basins such as the Lena and Y angtze
show pronounced low-frequency cycles, while basins like the Bdtic Sea drainage area are dominated by

very short-term variations.

d. Comparison to other data sets

It isinteresting to note the differences for 1987 and 1988 between this data set, and the GSWP
gamulations at 1E resolution performed with essentidly the same LSS (Dirmeyer and Zeng 1999). There

aremany differences between thetwo smulations. They use different forcing datasets, dthough the hybrid
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fields described in section 2, especidly the precipitation, may bear more resemblance than the dynamica
fields. Also, thisdataset ispresumably well “ spun up” by 1987, whereas the GSWP simulation began from
an equilibrium 1987 date. Also, the modds have different resolutions, and somewhat different surface
boundary conditions (e.g., vegetation maps) as a result, dthough this should not have a great impact on

basin-scale results.

One of the goas of ISLSCP isto compile and co-register data over a sufficiently long period that
meaningful studies of climate means and variability can be peformed. Thisis more an issuefor ISLSCP
Initiative 2 (112), which covers the ten-year period from 1986-1995. ISLSCP Initiative 1 (111) covered
atwo-year period (1987-1988) that was chosen in part because it exemplified hydrologicaly interesting
years over many regions of the globe. Given the 21-year data set compiled here, encompassing the
| SL SCP periods, we can compareto seeif the shorter I1SL SCP periodsare statistically consstent with this

longer period.

Table 5 shows results of this comparison for both the mean and monthly variance (mean annua
cycle removed) of precipitation and temperature. Monthly means have been used in Student’ st-testsand
Fisher’ sFtestsfor meansand variancesrespectively. We seethat, as might be expected from samplesize,
the very short 111 period shows more Stuationswhereit likely to be unrepresentative of the 21-year period,
especidly interms of precipitation. Over seven of the basnsthereis at least an 80% probability that the
24 monthly meansof precipitation for that two-year period are sgnificantly different than the 21-year mean
(Missssppi-Missouri, 0.40s less, Northern Amazon, 0.33s more; Southern Africa, 0.30s more;
Mackerzie, 0.34s more; Lena, 0.36s more; La Plata, 0.38s less, Congo, 0.44s more). The only
potentially sgnificant anomaliesinthe |12 seriesare over the southern Amazon (0.18s cooler) and southern

Africa (0.15s warmer) than the 21-year period of this data .
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There are some interesting aberrationsin the variancestoo. The Y angtze and Congo basins show
potentially excessive variance in monthly temperatures during the 111 interva — both having about 60%
more variance than over the 21-year period. Over southern Africa during the 111 period there is about
34% lessrainfal variability, suggesting that the wet anomaly was not cause by sporadic heavy rain events,
but by afairly consstent increasein rainfdl during the period. The precipitation variance over the LaPlaa
and Congo basins during the 112 interva was higher thanin the 21-year period by 26-28% in each case.

The identification of some of these precipitation variance changes as Sgnificant may be an artifact of our
gpplication of the F-test to a quantity which is not normaly distributed on short time scaes. Thisisless of
an issue for monthly means than they would be for, say, daily rainfdl, but certainly more of an issue than
it would be for annuad precipitation. Nevertheess, 25-30% increasesin monthly variance during 10-year

periods are probably noteworthy.

Ovedl, the short 111 period does show more Statistical aberrationsthan thelonger 112 period, with
hydrologic anomalies being particularly prominent. The 12 window of 1986-1995 appears to be a

reasonable proxy for the 1979-1999 period in most respects for precipitation and temperature.

5. Summary

A globd offline land-surface data set (GOL D) has been produced for the period 1979-1999. Its
intent is to be used for specifying initia and/or boundary conditions for globa climate modds, climate
variability anaysesover land, and applicationsin hydrology, ecology or biogeochemistry. We have chosen
the SSB LSS to produce the spatially and temporaly continuous data set at several resolutions,
corresponding to the GCM resolutions commonly used at COLA, but the data sets can be produced at

any resolution. Hybrid data sets of forcings (precipitation, downward radiation and near surface
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meteorologicd date variables) have dso been produced a these resolutions by combining the
NCEP/NCAR 6-hourly reandlyss data with observed monthly data sets when and where available to
reduce sysematic errorsin thereandyss. Thesedataarethen further downscdedintimeand usedto drive
the LSS, producing a data set of surface state variables and fluxes. These data are being made available

to the research community.

A brief andlysisis presented of the grand mean, mean annua cycle, and seasonal-interannual
variahility of key surface energy and water balance terms.  Calculations have been performed over a
number of sub-continental scae regions to examine the climatology of thedataset.  Themodel produces
a redidic climatology, and shows sgnificant interannua variability over most of the regions examined.

Thereisagreat ded of inter-region variation in the response of surface fluxes to anomaiesin climate.

Comparisons are aso made between this 21-year period, and the shorter periods of 1SLSCP
Initiatives 1 and 2 to seeif the ISLSCP periods are Satistically representative of the longer term. By and
large, they are found to be smilar, except that the 2-year ISLSCP Initiative | period has a great dedl of

aberration in regiona rainfall compared with the 21-year GOLD period.
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Variable

Description

Vegetation type

Soil type

Depth of surface soil layer
Depth of root layer

Depth of recharge layer

Wilting point of surface + root
layers

Wilting point of total soil column

Field capacity of surface + root
layers

Feld capacity of tota soil column

Tota capacity of surface + root
layers

Totd capacity of totd soil column

Based on types from ISLSCP -1 CD-ROM (see Table 2)
Based on classes from ISLSCP -1 CD-ROM
5cmglobdly

Function of vegetation type, tota soil depth

Function of tota soil depth from ISLSCP I-1 CD-ROM

Function of soil type and vegetation type

Function of soil type and vegetation type
Function of soil type

Function of soil type

Function of soil porosity

Function of soil porogty

Tablel. Lis of time-invariant fields.
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Seasonal
Type Definition Cycle
1 Broadleaf evergreen trees No
2 Broadleaf deciduous trees Yes
3 Broadleaf and needle lesf trees Yes
4 Needle leaf evergreen trees Yes
5 Needle leaf deciduous trees Yes
6 Broadleaf trees with groundcover Yes
7 Groundcover only Yes
8 Not used
9 Broadleaf shrubs with bare soil Yes
10 Broadleaf shrubs with ground cover (Tundra) Yes
11 Bare soil No
12 Winter whest and broadlesaf deciduous trees Yes

Table2. List of SSiB vegetation types.
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Variable Units
Soil moidture in the surfece layer mm

Soil moigture in the surface and root layers mm

Soil moigturein the tota soil column mm

Soil wetnessindex of the surface layer —

Soil wetness index of the surface and root layers —
Surface snow (liquid water equivaent) mm
Effective skin temperature K
Precipitation rate mm day*
Surface runoff rate mm day*
Tota runoff rate mm day*
Snowmelt rate mm day*
Transpiration rate mm day*
Bare soil evaporation rate mm day*
Direct snow evaporation rate mm day*
Interception loss mm day*
Tota evapotranspiration rate mm day*
Downward shortwave radiation a the surface W 2
Downward longwave radiation at the surface W m?
Upward shortwave radiation at the surface W nm?
Upward longwave radiation at the surface W nm?
Sensible heat flux W 2
Latent hesat flux W 2
Ground hest flux W 2

Table3. List of time mean fields.
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Variable

Units

Soil moidture in the surfece layer

Soil moigture in the surface and root layers
Soil moigturein the tota soil column

Soil wetnessin the surface layer

Soil wetness in the surface and root layers
Temperature of vegetation canopy
Effective skin temperature

Temperature of surface layer
Temperature of root layer

Temperature of recharge layer

Tota canopy water Storage

Surface storage (snow)

Soil wetness in the surface layer

Soil wetnessin the root layer

Soil wetness in the recharge layer

Soil wetness index

Avallable water in the top meter of soil

Normalized available water

Table4. List of instantaneousfields.
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Mississippi-Missouri
Southern Amazon
India

Northern Amazon
Sahel

Southern Africa
Baltic Sea
Mackenzie
Yangtze

Lena

La Plata

Congo

Prob(t) 193% 14% 39% 88% 55% 83% 1% 89% 1% 91% 92% 96%

1 Prob(F) 58% 1% 22% 47% 69% 87% 24% 18% 49% 26% 58% 21%

P 12 Prob(t) 8% 34% 60% 0% 5% 48% 12% 13% 2% 19% 73% 62%
Prob(F) 22% 10% 71% 30% 72% 8% 2% 16% 37% 11% 85% 87%

1 Prob(t) 52% 4% 62% 60% 65% 42% 54% 11% 51% 57% 14% 69%

T Prob(F) 7% 26% 47% 72% 39% 32% 12% 18% 81% 33% 52% 82%
12 Prob(t) 34% 90% 76% 63% 2% 84% 42% 21% 73% 14% 19% 76%

Prob(F) 30% 23% 26% 59% 17% 64% 8% 44% 57% 14% 4% 52%

Table 5. Probabilitiesthat the|SLSCP Initiative 1 (111) and Initiative 2 (112) periods are not representative
of the 21 period of this data set in terms of anomadlies of monthly mean (Prob(t)) and variance (Prob(F))
for precipitation (P) and surface temperature (T), for various regions. Probabilities of greater than 80%
are shaded. Probahilities of greater than 90% are aso bold.
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Figure 1 Areas of coverage for regiona observationd precipitation data sets.
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Figure 4 Differences between SRB and | SCCP mean downward shortwave (left) and longwave (right)
radiation during 1987-1988 for the annual mean (top) and selected months. Unitsare W m-2.
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Flgure 11 Asm Flg 10for the surface energy bdance terms wide bar = net shortwave radl ation, narrow
bar = net longwave radiation (both positive downward); filled circle = latent hegt flux, opencirdle=sensble
heat flux, cross with dotted line = ground heat flux (positive upward). Unitsare W m2,
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