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ABSTRACT

Since the North American and Global Land Data Assimilation Systems (NLDAS and GLDAS) were established in
2004, significant progress has been made in development of regional and global LDASs. National, regional, project-
based, and global LDASs are widely developed across the world. This paper summarizes and overviews the develop-
ment,  current  status,  applications,  challenges,  and  future  prospects  of  these  LDASs.  We first  introduce  various  re-
gional and global LDASs including their development history and innovations, and then discuss the evaluation, valid-
ation, and applications (from numerical model prediction to water resources management) of these LDASs. More im-
portantly, we document in detail some specific challenges that the LDASs are facing: quality of the in-situ observa-
tions, satellite retrievals, reanalysis data, surface meteorological forcing data, and soil and vegetation databases; land
surface  model  physical  process  treatment  and  parameter  calibration;  land  data  assimilation  difficulties;  and  spatial
scale incompatibility problems. Finally, some prospects such as the use of land information system software, the uni-
fied global LDAS system with nesting concept and hyper-resolution, and uncertainty estimates for model structure,
parameters, and forcing are discussed.
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1.    Introduction

The accuracy of  a  land surface model  (LSM) simula-
tion  is  largely  affected  by  many errors  that  exist  in  sur-
face  meteorological  forcing  data  (that  drive  the  model),
model parameters (e.g.,  soil and hydrologic parameters),
and  model  structure  (e.g.,  specific  soil  layer  vs.  varied
soil  layers).  Therefore,  it  is  a  challenging  task  for  an
LSM to produce relatively accurate initial conditions for

numerical  weather  and  climate  prediction  and  to  simu-
late  reasonable  energy  budget,  water  cycle,  and  biogeo-
chemical cycle. With the increase of in-situ observations
and remote sensing data, the accuracy of the LSM can be
improved by assimilating these data into the model (Ku-
mar et al., 2014). Based on this concept, the land data as-
similation system (LDAS) was developed by integrating
the  advanced  LSM  with  data  assimilation  (DA)  tech-
niques.  The  LDAS  uses  gauge-based  and  remotely-
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sensed  observations  and/or  reanalysis  land  surface  met-
eorological  forcing data to drive the LSM, and uses DA
techniques  to  ingest  ground-measured  or  satellite-based
data into the LSM to generate the merging products.

In  the  beginning,  the  North  American  and  Global
LDASs were mainly used to provide optimal initial states
and  fluxes  to  parent  atmospheric  models  to  enhance  the
prediction  skill  of  land–atmosphere  coupled  numerical
weather/climate systems (Mitchell et al., 2004; Rodell et
al.,  2004).  The  LDASs can  be  classified  as  national,  re-
gional,  and  global  ones  according  to  the  target  domain
size.  Depending  on  whether  there  exist  interactions
between LDASs and parent atmospheric models, LDASs
can then be divided into uncoupled and coupled ones (or
weakly coupled ones; see details in Section 2). Normally,
the  LDAS  products  include  surface  energy  fluxes  (e.g.,
sensible heat  flux,  latent  heat  flux,  net  radiation,  ground
heat flux, etc.), water fluxes (e.g., evaporation, transpira-
tion,  surface runoff  and baseflow, and sublimation),  and
land state variables (soil moisture, soil temperature, snow
water  equivalent,  canopy  water  storage,  groundwater,
and surface temperature). With the development and ex-
pansion  of  various  LDASs,  more  useful  products  have
been  generated  for  a  variety  of  applications,  such  as
drought and flood monitoring, agricultural crop manage-
ment and planning, wildfire early warning, and water re-
sources management.

There  are  many  uncoupled  regional  systems,  such  as
the European LDAS (Jacobs et al.,  2008), North Ameri-
can  LDAS  (NLDAS; Mitchell  et  al.,  2004; Xia  et  al.,
2012a, b),  South  American  LDAS (de  Goncalves  et  al.,
2006), Central Asia and East/Southern/West Africa LDAS
(McNally  et  al.,  2017),  and  so  on.  Besides  the  regional
systems, a number of uncoupled national LDASs also ex-
ist, such as the Canadian LDAS (CaLDAS; Carrera et al.,
2015),  China  LDAS  (CLDAS; Li  et  al.,  2007),  China
Meteorological Administration (CMA) LDAS (Shi et al.,
2011), and Korean LDAS (Lim et al., 2012); and on top
of  these  is  the  global  LDAS  (GLDAS; Rodell  et  al.,
2004).  Two  examples  of  the  global  weakly  coupled
LDASs  are  the  NCEP  GLDAS (Meng  et  al.,  2012)  and
ECMWF  LDAS  (de  Rosnay  et  al.,  2014; de  Rosnay,
2017; Albergel  et  al.,  2018).  The  regional/national  un-
coupled LDASs are widely and rapidly developed as the
surface  meteorological  forcing  data,  such  as  gauge-ob-
served  precipitation,  air  temperature,  and  radiation,  can
be  more  easily  and  accurately  obtained  for  the
national/regional  domains  than on a  global  scale  (which
involves difficulty in sharing data among countries). Fur-
thermore,  the  development  of  regional/national  LDASs
has  been  effectively  accelerated  due  to  more  affordable
computational  resources  for  higher  spatial  resolution

LDASs  at  regional/national  scales,  more  homogeneous
datasets of climate, hydrology, vegetation, and soil char-
acteristics, and more available high-quality observations,
as  well  as  increased  governmental  funding  support  in
various  countries.  The  advance  in  project-based  LDASs
depends heavily on their funding agencies and resources;
however,  they  contribute  significantly  to  the  develop-
ment of the regional, national, and global LDASs.

In the early stage, all LDAS systems do not assimilate
any  satellite  information  to  improve  the  state  variables
due  to  the  lack  and  low  quality  of  satellite  retrievals.
With the increasing availability  of  ground-based and re-
motely-sensed  data  and  advances  in  DA  techniques,
LDAS  is  becoming  an  efficient  tool  to  improving  LSM
simulations  and  products,  and  to  enhancing  numerical
forecast  skills  at  various  timescales  (daily,  weekly,  sub-
seasonal, and seasonal). In this study, we overview vari-
ous LDAS systems including national,  regional,  project-
based,  and  global  LDASs  and  their  initiatives,  develop-
ments, and current status. The applications of LDAS pro-
ducts  to  weather  forecast  and  subseasonal-to-seasonal
(S2S)  prediction,  such as  drought  and flood monitoring,
agricultural  crop management,  wild fire monitoring,  and
water  resources  management,  are  also  introduced.  This
review  covers  general  topics  on  uncoupled  and  weakly
coupled LDASs,  without  specific  comparison of  various
LDASs’  performance  (e.g.,  strengths  and  weaknesses).
Detailed  analysis  of  the  shortcomings  and  strengths  of
various  LDASs  require  in-depth  knowledge  of  the  for-
cing data (e.g., reanalysis data, observations, satellite re-
trievals,  etc.),  different  LSMs and related physical  para-
meterizations,  and  the  DA  algorithms  and  assimilated
variables.  They  are  beyond  the  scope  of  the  present  pa-
per,  but  will  be  assessed  by  ongoing  works  and  the
LDAS collaborators and developers in the future.

In  this  paper,  Sections  2  and  3  summarize  regional,
national,  project-based,  and  global  LDAS  systems,  re-
spectively.  Section 4 illustrates  how to comprehensively
evaluate LDAS products, in particular, using NLDAS as
an  example.  The  applications  of  LDAS  products  to  nu-
merical  weather  and  seasonal  climate  models,  drought
monitoring,  and  agricultural  crop  and  water  resource
management are discussed in Section 5.  The challenges,
discussions, and conclusions are presented in Sections 6,
7, and 8, respectively.

2.    Regional, national, and project-based
LDASs

The LDASs can be divided into various categories ac-
cording  to  different  classification  standards  such  as  the
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domain size (e.g.,  national,  regional,  and global),  spatial
resolution  (high  vs.  coarse  resolution),  application  pur-
pose  (e.g.,  operational,  research-based,  project-based,
etc.), and coupling mode between the LSM and parent at-
mospheric  model  (e.g.,  uncoupled  and  coupled).  Note
that following Penny et al. (2017) and Penny and Hamill
(2017),  the  coupled  LDAS  here  in  this  paper  actually
refers  to  the  weakly  coupled  LDAS.  A  schematic  dia-
gram  illustrating  the  differences  between  the  uncoupled
and weakly coupled LDASs is given in Fig. 1. As indic-
ated in Fig. 1a, the uncoupled LDASs use given meteoro-
logical forcing data [derived from an atmospheric model,
e.g., a General Circulation Model (GCM)] as well as soil
and  vegetation  parameters  to  drive  LSMs;  and  the  out-
puts from the LDASs do not feed back in any way to the
atmospheric model. As shown in Fig. 1b, for the weakly
coupled LDASs, the LSMs are run with forecast forcing
data  from  the  atmospheric  model  and  with  some  of  the
forecast  variables  (e.g.,  precipitation)  being  replaced  by
observations;  the  products  of  the  LDASs  such  as  mois-
ture and temperature are then used as initial  and bound-
ary conditions to re-run the coupled system (atmospheric
model  +  LDAS);  and the  outputs  of  the  coupled system
will then be fed back to the LDASs in the next time step.
The  direct  impacts  of  observations  on  the  analysis  are
limited to the region where the observations exist. Cross-
region impacts are produced as a secondary effect by the
integration  of  the  coupled  model  forecast.  Here,  we
mainly  discuss  regional,  national,  and  project-based
LDASs  regardless  of  resolution,  application,  and  coup-
ling methodology (Tables 1a, 1b).

The domain of a regional LDAS can extend over sev-
eral  countries.  The  NLDAS,  which  includes  the  contin-
ental United States, southern Canada, and northern Mex-
ico,  was  initiated  in  1998  as  a  multi-institution  joint
project  among  several  government  agencies  and  uni-
versities  (Mitchell  et  al.,  1999)  and  is  one  of  the  most
successful uncoupled LDASs. After five-year collaborat-
ive efforts, the NLDAS configuration was established in
2004 (Mitchell et al., 2004). Some overview papers sum-
marized  the  generation  and  validation  of  NLDAS  for-
cing  (Cosgrove  et  al.,  2003a; Luo  et  al.,  2003),  produc-
tion  and  validation  of  NLDAS  streamflow  and  water
budget  (Lohmann  et  al.,  2004),  evaluation  of  energy
budget, soil moisture, temperature, and snowpack (Pan et
al.,  2003; Robock  et  al.,  2003; Sheffield  et  al.,  2003;
Schaake  et  al.,  2004),  and  model  spin-up  testing  (Cos-
grove  et  al.,  2003b).  Four  LSMs  are  executed  in  un-
coupled mode in NLDAS, including the Noah (Ek et al.,
2003),  Mosaic  (Koster  and  Saurez,  1994),  Sacramento
Soil  Moisture  Accounting  (SAC-SMA; Burnash  et  al.,

1973), and Variable Infiltration Capacity (VIC; Liang et
al., 1994). These models are run at 0.125° spatial resolu-
tion and 1-h temporal resolution to produce water fluxes,
energy fluxes, and state variables.

The purpose of the first phase of NLDAS (NLDAS-1)
was to establish an NLDAS framework,  and thus it  was
run for only a 3-yr period from 1 October 1996 to 30 Septe-
mber 1999. Although such a short-term run may be suffi-
cient  for  evaluating  forcing  and  model  outputs,  it  is  in-
sufficient for practical applications such as drought mon-
itoring, long-term trend analysis,  and crop and water re-
sources  management.  To  overcome  this  weakness,  the
second  phase  of  NLDAS  (NLDAS-2; Xia  et  al.,  2012a,
b)  was  developed,  based  on  the  NLDAS-1  framework
and  was  improved  with  a  long-term  run  period  from
1 January 1979 to present. The precipitation data derived
from  a  daily  gauge-only  precipitation  analysis  are
bias-corrected  for  consideration  of  the  impacts  of  topo-
graphy using a  Parameter-elevation Regression on Inde-
pendent  Slopes  Model  (PRISM).  The daily  precipitation
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Fig.  1.   Schematic  diagrams  describing  the  interaction  between  an
LDAS  and  a  coupled  GCM  model:  (a)  uncoupled  LDAS  and  (b)
weakly  coupled  LDAS.  The  LDAS  uses  some  DA  techniques  (e.g.,
simple  insertion,  ensemble  Kalman  filter/smoother,  etc.)  to  integrate
past forecasts with observations to improve numerical weather and cli-
mate prediction skill (GCM: General Circulation Model; DA: Data As-
similation; LDAS: Land DA System; LSM: Land Surface Model).
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analysis is temporally configured to produce hourly pre-
cipitation by using the NCEP Stage II hourly radar/gauge
precipitation.  The  NLDAS-2  non-precipitation  forcing
data  are  generated  from  the  North  American  Regional
Reanalysis  (NARR; Mesinger  et  al.,  2006).  The  NARR
downward shortwave radiation is corrected by using a ra-
tio-based  bias  correction  technique  (Berg  et  al.,  2003)
and  the  University  of  Maryland’s  Surface  Radiation
Budget  (SRB)  dataset  (Pinker  et  al.,  2003).  This  is  the
classical  uncoupled  LDAS  concept  (Fig.  1a)  where
LSMs are run by using given surface meteorological for-
cing and the outputs from LDAS do not feed back to the
atmosphere  DA.  Inspired  by  the  development  of  NL-
DAS,  many  regional  LDASs,  such  as  the  European,

South  America,  Central  Asia,  and  East/Southern/West
Africa  LDASs,  were  developed  in  the  same  way.  More
details  about  the  development  and  applications  of  NL-
DAS  are  available  at  the  websites  of  Environmental
Modeling Center (EMC) (www.emc.ncep.noaa.gov/mmb
/nldas/) and NASA (https://ldas.gsfc.nasa.gov/nldas).

Examples  of  national  LDASs  include  the  CaLDAS,
CLDAS, and CMA LDAS (Table 1). The CaLDAS is an
uncoupled  operational  LDAS with  an  external  land  sur-
face  modeling  system,  which  provides  optimal  initial
conditions  to  its  parent  atmospheric  model.  The  CaL-
DAS uses the ensemble Kalman filter (EnKF) to assimil-
ate  the  observed  precipitation  to  improve  precipitation
forcing.  The  improved  precipitation  and  other  forcing

Table 1a.   Summary of various LDAS systems and their products over the world (CaLDAS: Canadian LDAS; CLDAS: China LDAS; CMA:
China Meteorological Administration; CONUS: Continental United States; ELDAS: European LDAS; ERA-Interim: ECMWF Re-Analysis In-
terim  data;  ERA-5:  The  fifth  generation  ECMWF  Re-Analysis;  FLDAS:  Famine  Early  Warning  Systems  Network  LDAS;  GLDAS:  Global
LDAS; HRLDAS: High-Resolution LDAS; IFS: Integrated Forecast System; NASA: National Aeronautics and Space Administration; NCA: Na-
tional Climate Assessment; NLDAS: North American LDAS; SLDAS: South American LDAS)
Name Domain, resolution Data period Reference Website
Regional LDAS systems
ELDAS Europe, 0.2° 1 May–31 October 2000 Jacobs et al., 2008 N/A
NLDAS CONUS, southern Canada,

　northern Mexico, 0.125°
1 January 1979–present Mitchell et al., 2004;

　Xia et al., 2012a, b
EMC:
http://www.emc.ncep.noaa.gov/
　mmb/nldas/
NASA:
https://ldas.gsfc.nasa.gov/nldas/

SALDAS South America, 40 km 17 March 2001–16 March
2002

de Goncalves et al., 2006 N/A

National LDAS systems
CaLDAS Canada, 1 km, 40 km 1 June–30 September 2009 Carrera et al., 2015 N/A
CLDAS China, 0.25° 1 October 2002–31

　December 2006
Li et al., 2007 N/A

CMA LDAS China, 0.06° 1 January 2008–present Shi et al., 2011 N/A
Korean LDAS East Asia, 10 km 1 August 2004–12

　December 2006
Lim et al., 2012 N/A

Project-based LDAS systems
NASA FLDAS Central Asia (1 km) and

　East/Southern/West
　Africa, 0.1°–0.25°

1 January 1981–present McNally et al., 2017 https://lis.gsfc.nasa.gov/projects/
　fewsnet

NCA LDAS NLDAS domain, 0.125° 1 January 1979–31
　December 2018

Kumar et al., 2018 https://ldas.gsfc.nasa.gov/
　NCA-LDAS/

NCAR HRLDAS Central US, 4 km, 12 km 1 January 2001–1 July 2002 Chen et al., 2007 https://ral.ucar.edu/solutions/
　products/high-resolution-land-
　data-assimilation-system-hrldas

Global LDAS systems
NASA/GLDAS Globe, 0.25°, 1.0° 1 January 1979–present for

　GLDAS-1; 1 January
　1948–31 December 2008
　for GLDAS-2

Rodell et al., 2004 https://ldas.gsfc.nasa.gov/gldas/

NCEP/GLDAS Globe, ~38 km 1 January 1979–present Meng et al., 2012 https://climatedataguide.ucar.edu/
　climate-data/climate-forecast-
　system-reanalysis-cfsr

ECMWF/GLDAS Globe, 9 km, 32 km,
　79 km

Real-time for 9-km
　operational IFS; 1 January
　1950–present for 32-km
　ERA-5, 1 January
　1979–30 November 2018
　for 79-km ERA-Interim

de Rosnay et al., 2014;
　de Rosnay, 2017

https://software.ecmwf.int/wiki/
　display/LDAS/LDAS+Home

Note: Many LDASs used in the numerical weather prediction (NWP) systems of various operational centers and research institutes are not
included in this table. Details of these systems are provided in Section 4, as well as relevant references.
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Table 1b.   Summary of various LDAS systems over the world for their forcings, coupling ways, and application purposes (DLWR: Downward
Longwave Radiation; DSWR: Downward Shortwave Radiation; CLM2: Community Land Model version 2; CLM3.5: Community Land Model
version 3.5; CLSM: Catchment Land Surface Model; CMAP: CPC Merged Analysis of Precipitation; CMORPH: CPC MORPHing technique;
CoLM: Common Land Model; CPC: Climate Prediction Center; EDAS: Eta Data Assimilation System; EnKF: Ensemble Kalman Filter; ERA-
40:  40-yr  ECMWF Re-Analysis;  GDAPS:  Global  Data  Assimilation  and  Prediction  System;  GDAS:  Global  Data  Assimilation  System;  GFS:
Global Forecast System; GLDAS-1: Global LDAS phase 1; GLDAS-2: Global LDAS phase 2; GOES: Geostationary Operational Environmen-
tal Satellite system; ISBA: Interactions between Soil–Biosphere–Atmosphere; MERRA-2: Modern-Era Retrospective analysis for Research and
Applications Version 2; Mosaic: NASA Land Surface Model; NARR: North American Regional Reanalysis; Noah: NCEP Land Surface Model
(Noah2.5.2, Noah2.7.1, Noah2.8, and Noah3.3 indicate different versions); Noah-MP: Noah Multiphysics; P: precipitation; ps: surface pressure;
q2m:  2-m specific humidity; RH2m:  2-m relative humidity; SAC: Sacramento Soil Moisture Accounting Model; SIB2: Simple Biosphere model
version 2; SSiB: Simplified Simple Biosphere model; T2m: 2-m air temperature; TESSEL: Tiled ECMWF Scheme for Surface Exchanges over
Land; H-TESSEL: TESSEL with a revised land surface hydrology); U10m; 10-m x-direction wind speed; V10m: 10-m y-direction wind speed; VIC:
Variable Infiltration Capacity, VIC4.0.3, VIC4.0.4, and VIC4.1.2 indicate different versions)

Name Meteorological forcing Coupling strength
and DA method Land surafce model Application

purpose
Regional LDAS systems
ELDAS ERA-40 reanalysis (P, DSWR, DLWR, T2m,

　q2m, U10m, V10m, ps)
Uncoupled, no DA TESSEL Research

NLDAS NARR reanalysis (DLWR, T2m, q2m, U10m,
　V10m, ps), CPC gauge-based P, bias
　corrected DSWR

Uncoupled, no DA Noah2.8, Mosaic,
　SAC, VIC4.0.3

Operation

SALDAS NCEP GDAS (P, DSWR, DLWR, T2m, q2m,
　U10m, V10m, ps)

Uncoupled, no DA SSiB Research

National LDAS systems
CaLDAS Canadian precipitation analysis with

　observations, NWP model DSWR, DLWR,
　T2m, q2m, U10m, V10m, ps

Weakly; assimilate T2m, RH2m, snow
　depth and L-band brightness
　temperature with EnKF, 6-hourly
　assimilation cycle

ISBA Operation

China LDAS Observed P, DSWR, T2m, NASA GLDAS
　(DLWR, q2m, U10m, V10m, ps)

Uncoupled; assimilate soil moisture
　and snow with EnKF

CoLM, SiB2 Research

CMA LDAS P blended with gauge observations and
　CMORPH, analyzed T2m from stations and
　GFS product, Satellite-retrieved DSWR,
　and GFS DLWR, q2m, U10m, V10m, ps

Uncoupled, no DA CoLM, Noah-MP,
　CLM3.5

Operation

Korean LDAS Observed P and DSWR, Korean GDAPS
　(DLWR, T2m, q2m, U10m, V10m, ps)

Uncoupled, no DA Noah2.5.2 Research

Project-based LDAS systems
NASA FLDAS NCEP GDAS and NASA MERRA-2

　reanalysis (DSWR, DLWR, T2m, q2m,
　U10m, V10m, ps), P blended with gauge
　observations and satellite retrievals

Uncoupled, no DA Noah3.3, VIC4.1.2 Research

NCA LDAS NARR reanalysis (DLWR, T2m, q2m, U10m,
　V10m, ps), CPC gauge-based P, bias
　corrected DSWR

Uncoupled, no DA Research

NCAR HRLDAS Bias-corrected radar precipitation, GOES
　radiation, and EDAS reanalysis

Uncoupled, no DA Noah2.7.1 Research

Global LDAS systems
NASA/GLDAS NCEP GDAS (DLWR, T2m, q2m, U10m, V10m,

　ps), P from disaggregated CMAP, and
　satellite-retrieved DSWR and DLWR
　(the Air Force Weather Agency) for
　GLDAS-1; bias-corrected reanalysis (P,
　DSWR, DLWR, T2m, q2m, U10m,
　V10m, ps) generated from Princeton
　University (Sheffield et al., 2006)

Uncoupled, no DA CLM2, Mosaic,
　Noah2.7.1, and
　VIC4.0.4 for
　GLDAS-1; CLM3.5,
　CLSM, Noah2.7.1,
　and VIC4.0.4
　for GLDAS-2

Research

NCEP/GLDAS NCEP GDAS (DSWR, DLWR, T2m, q2m,
　U10m, V10m, ps), blended P using gauge-
　based observations, satellite-retrievals,
　and GDAS P

Weakly, direct insert method for snow
　depth, 6-hourly assimilation cycle

Noah2.7.1 Operation

ECMWF/GLDAS ECMWF Integrated Forecasting System (P,
　DSWR, DLWR, T2m, q2m, U10m, V10m, ps)

Weakly, use 2-D optimal interpolation
　for T2m, RH2m, and snow depth and
　cover analysis, assimilate soil
　moisture with simplified extended
　Kalman filter at 6-hourly
　assimilation cycle

H-TESSEL Operation
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data  generated  from the  Environment  Canada  numerical
weather model are used to drive the Interactions between
Soil–Biosphere–Atmosphere  (ISBA)  LSMs.  The  CaL-
DAS also assimilates L-band passive brightness air tem-
perature by coupling the LSM with a  microwave radiat-
ive  transfer  model  to  reduce  surface  and  root  zone  soil
moisture  errors  (Balsamo  et  al.,  2007; Carrera  et  al.,
2015).

The  CLDAS  is  a  research-based  system,  which  was
developed  by  Chinese  scientists  from the  Northwest  In-
stitute of Eco-Environment and Resources and Center for
Excellence in Tibetan Plateau Earth Sciences of Chinese
Academy of Sciences (CAS) (Li et al., 2007; Yang et al.,
2007, 2009).  As  an  uncoupled  LDAS  system,  the  CL-
DAS runs  multiple  LSMs with  multiple  DA algorithms.
Along  with  the  development  of  CLDAS,  the  scientists
from CMA and the CAS Institute of Atmospheric Phys-
ics  developed  an  operational  CMA  LDAS  to  support
CMA  operational  drought  monitoring.  The  uncoupled
CMA  LDAS  runs  the  Community  Land  Model  version
3.5  (CLM3.5; Oleson  et  al.,  2008),  Common Land  Mo-
del (CoLM; Dai et al.,  2003), and Noah LSM with mul-
tiple  physics  options  (NoahMP; Niu  et  al.,  2011)  using
observed  precipitation,  2-m  air  temperature,  and  other
blended forcing data (from reanalysis, satellite retrievals,
model outputs, etc.) at a 1/16 degree spatial resolution in
China.  The  CMA  LDAS  versions  1  and  2  were  opera-
tionally  implemented  at  the  CMA  National  Meteorolo-
gical Information Center in 2013 and 2016, respectively,
and have been used for  agricultural  drought  monitoring,
wild  fire  early  warning,  and  water  resources  manage-
ment. The surface meteorological forcing data have been
evaluated against  independent  observations,  and the res-
ults  show  good  performance  of  CMA  LDAS  precipita-
tion,  compared  with  NASA  GLDAS  forcing  and  obser-
vations (Yang et al., 2017).

The project-based LDAS is developed for specific ap-
plications  and  purposes.  Three  examples  of  this  type  of
LDASs  include  the  NASA  Famine  Early  Warning  Sys-
tems  Network  (FEWS  NET)  Land  Data  Assimilation
System  (FLDAS; McNally  et  al.,  2017),  NASA  Natio-
nal Climate Assessment-Land Data Assimilation System
(NCA-LDAS; Kumar  et  al.,  2018),  and  NCAR  High-
Resolution  Land  Data  Assimilation  System  (HRLDAS;
Chen  et  al.,  2007).  The  FLDAS  uses  various  reanalysis
products as meteorological forcing data and the Land In-
formation  System  framework  (LIS; Kumar  et  al.,  2006)
to drive multiple LSMs to generate soil moisture, evapo-
transpiration (ET),  runoff,  and other variables for devel-
oping  countries  for  food  security  assessment  in  data-
sparse  regions.  The  NCA-LDAS  adopts  the  NLDAS

framework (Xia et al., 2017, 2018) to run multiple LSMs
to  produce  water  fluxes,  energy  fluxes,  and  state  vari-
ables.  Its  purpose  is  to  use  terrestrial  water  storage  and
fluxes from NCA-LDAS to evaluate selected water indic-
ators. NCAR HRLDAS was developed for providing ini-
tial state variables for the coupled Weather Research and
Forecasting  (WRF)  model  in  western  US  and  testing
weather forecast skill improvement by using optimal ini-
tial  conditions.  The  uncoupled  HRLDAS  uses  the  same
grid,  Noah  LSM,  land  use,  soil  texture,  terrain  height,
time-varying vegetation  fields,  and model  parameters  as
those  in  the  coupled  WRF  to  ensure  the  climatology  of
similar  state  variables.  Radar-based  and  reanalysis  met-
eorological  forcing  data  are  used  by  HRLDAS  to  drive
the  Noah  LSM  as  they  have  smaller  errors  when  com-
pared with WRF forecast products (Chen et al., 2007). It
should  be  noted  that  after  the  scope  of  these  projects  is
over,  only  a  few  are  still  maintained  and  most  of  them
are not further developed or maintained.

3.    Global Land Data Assimilation System
(GLDAS)

GLDAS is the LDAS that extends the study domain to
global  scale.  GLDAS  includes  the  NASA  GLDAS
(Rodell et al., 2004), NCEP GLDAS (Meng et al., 2012),
and  ECMWF  GLDAS  (de  Rosnay  et  al.,  2014; de
Rosnay,  2017; Albergel  et  al.,  2018).  The  objective  of
GLDAS is to use advanced DA techniques to assimilate
satellite-  and  ground-based  observational  products  into
LSMs  to  generate  optimal  fields  of  land  surface  states
and  fluxes,  although  neither  satellite-based  data  nor  in-
situ observations have been assimilated yet.

The  NASA  GLDAS  is  an  uncoupled  system,  which
has  an  infrastructure  similar  to  the  NLDAS  but  over  a
global domain. NASA GLDAS phase 1 (GLDAS-1) uses
a combination of NCEP’s Global Data Assimilation Sys-
tem  (GDAS)  atmospheric  analysis  fields,  spatially  and
temporally  disaggregated  NOAA  Climate  Prediction
Center Merged Analysis of Precipitation (CMAP) pentad
dataset, and observation-based downward shortwave and
longwave  radiation  fields  derived  from  the  Air  Force
Weather  Agency’s  AGRicultural  METeorological  mod-
eling  system  (AGRMET).  This  combination  forcing  is
used  to  run  the  CLM,  Noah,  Mosaic,  and  VIC  models
(Rodell  et  al.,  2004).  The  spatial  resolution  is  1  degree
and the time period is from 1979 to present. NASA GL-
DAS  phase  2  (GLDAS-2)  has  two  components:  one  is
forced  entirely  by  the  Princeton  meteorological  forcing
data (Sheffield et al., 2006), and the other is forced by a
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combination  of  model  and  observation  based  forcing
datasets as used in phase 1. The second component uses
Global Precipitation Climatology Project (GPCP) precip-
itation  field  to  replace  CMAP  precipitation  with  an  im-
proved  disaggregation  scheme,  and  quality  control  for
the  AGRMET  dataset.  More  details  of  the  NASA  GL-
DAS are  available  at https://ldas.gsfc.nasa.gov/gldas/.  A
recent  evaluation study in  China has  shown that  the  use
of  different  data  sources  for  GLDAS-1  causes  a  tempo-
ral discontinuity, while the use of forcing data from Prin-
ceton  University  in  GLDAS-2  has  overcome  this  prob-
lem (Wang et al., 2016). The temporal discontinuity is a
very  important  issue  for  drought  monitoring  and  water
resources  management  as  this  will  lead  to  a  sudden
change  in  anomaly  and  percentile.  Normally,  a  consist-
ent climatology is needed for calculation of anomaly and
percentile. The products from NASA GLDAS have been
used  to  support  global  drought  analysis  and  water  re-
sources management for government agencies, academia,
and private sectors all over the world.

The NCEP GLDAS is a weakly coupled system, aim-
ing  to  provide  optimal  initial  conditions  for  the  NCEP
Climate Forecast System Reanalysis (CFSR; Saha et al.,
2010)  and  Climate  Forecast  System  version  2  (Saha  et
al., 2014). It uses the CFSR global atmospheric DA sys-
tem and observed precipitation data (CPC unified global
daily gauge analysis and pentad data of CMAP) to drive
the Noah LSM on a T382 global Gaussian grid (about 38
km). It uses six streams to run 6 yr simultaneously with a
1-yr spin-up period to ensure the product completion on a
manageable  schedule.  All  six  streams  are  connected  to
produce a long-term product for the period from 1979 to
2009.

An evaluation  shows that  the  correlation  between  the
NCEP GLDAS simulated and observed soil moisture an-
omaly  has  largely  increased  in  Illinois  (Meng  et  al.,
2012).  The  errors  (bias  and  root  mean  square  error)
between  GLDAS  simulated  and  observed  soil  moisture
are largely reduced when compared to the NCEP–NCAR
reanalysis and NLDAS soil moisture simulation (Meng et
al.,  2012).  However,  the  design  of  the  six-stream  run
leads to large discontinuity for many state variables, such
as  soil  moisture,  at  the  connection  points  (e.g.,  31
December 1986, 31 December 1989, 31 December 1994,
31 March 1999, and 31 March 2005), because 1-yr spin-
up  time  is  not  sufficient  (Cosgrove  et  al.,  2003b),  com-
pared to the recent GLDAS one-stream run and NLDAS-
2 Noah simulations (Fig. 2). Recently, the NCEP LDAS
team is integrating the NLDAS with GLDAS to develop
the  NCEP  unified  LDAS  (NULDAS)  by  leveraging  the
advantages  of  NLDAS and GLDAS and the  community

LDAS development.  The  NULDAS is  a  multiple-model
LDAS with a soil moisture and snowpack DA of 0.04 de-
gree  globally.  Details  of  NLDAS,  GLDAS,  and  NUL-
DAS development plans are available in the LDAS white
paper  (see https://www.emc.ncep.noaa.gov/mmb/nldas/
White_Paper_for_Next_Phase_LDAS_final.pdf).

The  ECMWF  LDAS  is  a  weakly  coupled  global
LDAS in the ECMWF Integrated Forecast  System (IFS;
de  Rosnay  al.,  2014; de  Rosnay,  2017; Albergel  et  al.,
2018).  It  includes  snow  data  analysis  and  soil  moisture
DA  (Fig.  3).  The  purpose  of  the  ECMWF  LDAS  is  to
provide  reasonable  initial  conditions  for  IFS.  The  sur-
face meteorological  forcing data produced by IFS,  com-
bined  with  2-m  air  temperature  and  relative  humidity
data  from  surface  synoptic  observations  (SYNOP),  are
used  for  soil  moisture  DA  and  a  snow  data  analysis  to
generate  updated  soil  moisture,  snow  water  equivalent,
and snow temperature.  These state  variables  are  used as
initial conditions for IFS for the next analysis cycle. The
LDAS runs separately from the upper air analysis of IFS
every  six-hour  cycle.  The  state  variables  will  feed  back
into the upper air analysis and affect the short-term fore-
cast  in  the  next  cycle.  In  turn,  the  4D-Var  atmospheric
analysis  affects  the  LDAS  through  the  short-term  fore-
cast  from  one  cycle  to  the  next.  More  details  about  the
ECMWF  LDAS  system,  including  publications  and
presentations, are provided at https://software.ecmwf.int/
wiki/display/LDAS/LDAS+Home.
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Fig. 2.   Comparison of top 2-m soil moisture anomaly (SMA; m3 m–3)
simulated by Noah model in the NCEP GLDAS and NLDAS. Climate
Forecast System Reanalysis (CFSR) uses GLDAS-1 with a six-stream
run (vertical line), GLDAS-2 uses a single-stream to rerun GLDAS-1,
and GLDAS-2.1 uses the newly released global 0.25° daily precipita-
tion data from the NCEP Climate Prediction Center. The numbers are
anomaly correlation coefficients between top 2-m soil moisture simu-
lations.  The  domain  of  the  southwestern  U.S.  covers  a  range  of
30°–40°N, 120°–105°W.
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4.    Validation and evaluation of regional and
global LDAS products

After discussing the development of national, regional,
and global LDASs in Sections 2 and 3, here we will use
the  NLDAS  as  an  example  to  briefly  introduce  LDAS
products’ validation and evaluation. In NLDAS phase 1,
Mitchell  et  al.  (2004) summarized  the  validation  meth-
ods, tools,  and datasets of NLDAS products, such as ra-
diation  (Luo et  al.,  2003),  sensible  heat  flux,  latent  heat
flux, soil temperature, soil moisture (Robock et al., 2003;
Schaake et al., 2004), snow cover extent (Sheffield et al.,
2003), snow water equivalent (Pan et al., 2003), land skin
temperature  (Mitchell  et  al.,  2004),  and  streamflow
(Lohmann et  al.,  2004).  The evaluation metrics includes
bias,  relative  bias,  root-mean-square-error  (RMSE),  and
Nash-Sutcliffe  efficiency,  based  on  different  temporal
scales  (hourly,  daily,  and  yearly)  and  different  spatial
scales (in-situ sites and grids, watershed, and the contin-
ent).  For  NLDAS  phase  2,  long-term  data  were  gener-
ated  and  more  metrics  such  as  anomaly  correlation,
Taylor  skill  score  (Taylor,  2001),  and  Normalized  In-
formation  Contribution  (NIC; Kumar  et  al.,  2009)  have
also been included for  the  validation.  Additional  valida-
tion  work  for  NLDAS-2  can  be  seen  at  the  websites  of
NLDAS  validation  (https://ldas.gsfc.nasa.gov/nldas/NL
DAS2valid.php)  and  publications  (https://ldas.gsfc.nasa.
gov/nldas/NLDASpublications.php).

Many  datasets  from  in-situ  observations,  satellite  re-
trievals,  and  reanalysis  have  been  used  to  evaluate  the
LDAS products. These datasets are summarized in Table
2.  The  in-situ  observations  include  tower  flux  measure-
ments  (radiation,  sensible  and  latent  heat  fluxes,  etc.),

gauge measurements (such as streamflow, soil  moisture,
snow depth, and snow water equivalent). The satellite re-
trievals  include  precipitation,  evapotranspiration,  land
surface temperature, soil moisture, snow cover, and snow
water  equivalent.  The  reanalysis  products  include  the
NCEP–NCAR  Reanalysis  1  (R1; Kalnay  et  al.,  1996),
NCEP–DOE  (Department  of  Energy)  Reanalysis  2  (R2;
Kanamitsu et al., 2002), CFSR (Saha et al., 2010), Twen-
tieth-Century  Reanalysis  (20CR; Compo  et  al.,  2011),
MERRA (Rienecker et  al.,  2011),  MERRA-2 (Draper et
al.,  2018),  ECMWF Interim  Re-Analysis  (ERA-Interim;
Dee  et  al.,  2014),  the  fifth  generation  ECMWF  atmo-
spheric reanalysis ERA-5 (Hersbach and Dee, 2016), Ja-
panese  25-yr  (JRA-25; Onogi  et  al.,  2007)  and  55-yr
Reanalysis Project (JRA-55; Kobayashi et al., 2015), and
so  on  (see Table  2).  These  datasets  have  been  widely
used  to  assess  the  quality  and  reliability  of  the  LDAS
products.  After  a  comprehensive  evaluation  procedure,
the LDAS products can be used for various applications
(research  and  operation)  in  academia,  governmental
agencies, and private enterprises. These applications will
be discussed in the next section.

The  evaluation  and  validation  of  the  LDAS  products
have  not  only  supported  various  applications,  but  also
contributed to the improved quality of surface meteorolo-
gical  forcing  data  and  development  of  LSMs’  physics
processes.  For  example,  spatial  discontinuity  may  be
caused  by  replacing  the  missing  GOES-derived  down-
ward shortwave radiation with the model data; thus, a bias
correction  method  has  been  used  to  fix  this  problem  in
NLDAS-2  (Xia  et  al.,  2013a).  Furthermore,  NLDAS-1
validation  has  improved  the  performance  of  the  Noah
and VIC models by tuning model parameters and upgrad-
ing model physics (Troy et al., 2008; Livneh et al., 2010;
Wei  et  al.,  2013),  and  so  the  improved  Noah  and  VIC
models are used in NLDAS-2 to generate more accurate
LDAS products.  In certain cases,  the weakness and fail-
ure  found  in  the  LDAS  validation  procedure  cannot  be
solved immediately due to a lack of the understanding of
multiple  factors,  such  as  physical  processes  or  model
parameters. However, such findings can motivate the de-
velopment of LSMs and the improvement of LDAS sys-
tems,  including  surface  meteorological  forcing,  model
physics processes, and model structures and parameters.

5.    Applications of regional and global LDASs

The  products  from  regional  and  global  LDASs,  such
as soil moisture and temperature, snowpack, streamflow,
and evapotranspiration, have been widely used in numer-

Integrated forecast system
with land−atmosphere interaction

Tair and RH at 2 m,
soil moisture at L1, L2, L3

Soil moisture DA 
(simplified extended

Kalman filter)

Surface synoptic 
observation (SYNOP),

Tair and RH at 2 m

Satellite soil 
moisture

observation

Snow analysis (2D OI) IMS of snow
cover extent, in situ snow depth

Screen level
analysis (2D OI)

 
Fig.  3.   A  schematic  diagram  of  the  ECMWF  LDAS  (Tair:  2-m  air
temperature; L1, L2, L3: three soil layers; 2D OI: two-dimensional op-
timal  interpolation;  IMS:  interactive  multisensor  snow;  RH:  relative
humidity; SYNOP: surface synoptic observation).
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ical  weather  and  climate  prediction  models  (Case  et  al.,
2011; Saha  et  al.,  2014),  water  resources  management
(Zaitchik  et  al.,  2010),  drought  monitoring  and  predic-
tion  (Xia  et  al.,  2014a, b; Hao  et  al.,  2016a),  wild  fire
monitoring  (Lewis  et  al.,  2012),  flood  monitoring  and
management  of  dams  (Munier  et  al.,  2015; McNally  et

al.,  2017), and agricultural crop management (Liu et al.,
2017).  A  schematic  diagram  briefly  summarizing  sci-
entific  and  practical  applications  of  regional  and  global
LDAS  products,  which  can  provide  support  to  opera-
tional  forecasters,  decision  makers,  and  research  scient-
ists in governmental agencies, academia, and the private

Table 2.   Summary of in-situ observations,  satellite  retrievals,  and reanalysis  products (AmeriFlux:  American Flux network;  CERES: Clouds
and  the  Earth’s  Radiant  Energy  System;  Fluxnet:  Flux  Network;  GOES:  Geostationary  Operational  Environmental  Satellite  system;
GEWEX/SRB: Global Energy and Water Exchange project/Surface Radiation Budget; ISMN: International Soil Moisture Network; ISTI: Inter-
national  Surface  Temperature  Initiative;  LST:  Land  Surface  Temperature;  MODIS:  Moderate  Resolution  Imaging  Spectroradiometer;  NCDC:
National Climate Data Center; NASMD: North American Soil Moisture Database; SCAN: Soil and Climate Analysis Network; SNOTEL: Snow
Telemetry; SWE: Snow Water Equivalent; USGS: U.S. Geological Survey; USCRN: U.S. Climate Reference Network)
In-situ observations
Data name Domain Time step Reference Website
AmeriFlux North America Hourly, daily, monthly Novick et al., 2018 http://ameriflux.lbl.gov/
Global FluxNet Globe Daily, monthly Baldocchi et al., 2001 http://fluxnet.fluxdata.org/
USGS streamflow US Daily, monthly Xia et al., 2012b https://nwis.waterdata.usgs.gov/nwis/
Global streamflow Globe Daily, monthly Beck et al., 2015 https://www.bafg.de/GRDC/EN/Home/

　homepage_node.html
NASMD soil moisture North America Daily, monthly Quiring et al., 2016 http://soilmoisture.tamu.edu/Data/
ISMN soil moisture Globe Daily, monthly Dorigo et al., 2011 https://ismn.geo.tuwien.ac.at/
ISTI LST Globe Daily, monthly Rennie et al., 2014 ftp://ftp.ncdc.noaa.gov/pub/data/

　globaldatabank, https://www.ncdc.
　noaa.gov/gosic

SCAN, SNOTEL, USCRN,
　NCDC soil temperature

US Hourly, daily, monthly Hu and Feng, 2003;Schaefer
　et al., 2007; Bell et al.,
　2013; Xia et al., 2013b

http://www.wcc.nrcs.usda.gov/,
　https://www.ncdc.noaa.
　gov/crn/

SNOTEL SWE and
　snow depth

US Daily Pan et al., 2003 https://www.wcc.nrcs.usda.gov/
　snow/snotel-wereports.html

Global Cryosphere Watch
　(snow depth, SWE)

Globe Daily, monthly See website https://globalcryospherewatch.org/
　reference/snow_inventory.php

Satellite retrievals
Data name Domain Temporal and

　spatial resolutions
Reference Website

Precipitation Globe Hourly to monthly,
　0.04° to 5°

Sun et al., 2018 N/A

LandFlux-EVAL ET Globe Monthly, varied
　spatial resolution

Jiménez et al., 2011 http://www.iac.ethz.ch/group/
　land-climate-dynamics/research/
　landflux-eval.html

Satellite-derived LST
　(GOES, MODIS, Landsat)

Globe GOES (hourly, 0.125°),
　MODIS (daily, 8-day,
　monthly, 1 km, 0.05°),
　Landsat (daily, 30 m)

Yu et al., 2009; Li et al.,
　2013; Wan, 2014;
　Parastatidis et al., 2017

https://www.ospo.noaa.gov/Products/
　land/glst/, https://modis.gsfc.nasa.
　gov/data/dataprod/mod11.php

Satellite-derived
　snow products

Globe Daily, varied
　spatial resolution

Frei et al., 2012 https://globalcryospherewatch.org/
　reference/snow_inventory.php

Satellite-derived
　soil moisture

Globe Daily, 30 m–50 km Brocca et al., 2011 https://ismn.geo.tuwien.ac.at/

Satellite-derived radiation
　(GEWEX/SRB, CERES,
　GOES-R)

Globe SRB (3-houly, daily,
　monthly; 1°), CERES
　(monthly; 1°), GOES-R
　(hourly; 0.25°, 0.5°)

Pinker et al., 2003; Zhang
　et al., 2013; 2015; Kato
　et al., 2018

https://gewex-srb.larc.nasa.gov/,
　http://ceres.larc.nasa.gov/,
　https://www.star.nesdis.noaa.gov
　/goesr/product_sw.php

Reanalysis products
Data name Domain Temporal and spatial

　resolutions
Reference Website

Atmospheric reanalysis Globe Sub-daily, daily, monthly
　32 km to 2.5°

Bromwich and Wang, 2005;
　Uppala et al., 2005;
　Mesinger et al., 2006;
　Onogi et al., 2007; Saha
　et al., 2010; Rienecker
　et al., 2011; Dee et al.,
　2014; Laloyaux et al.,
　2016

https://climatedataguide.ucar.edu/
　data-type/atmospheric-reanalysis,
　https://climatedataguide.ucar.edu/
　climate-data/atmospheric-reanalysis-
　overview-comparison-tables
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sectors, is shown in Fig. 4. More details are discussed be-
low.

5.1    Numerical weather forecast and seasonal climate
prediction

The land surface is a low-level boundary condition of
the  atmosphere,  which  affects  lower-level  atmospheric
activities,  such as redistribution of energy and water va-
por, boundary layer height growth, and convective cloud
formation. An LSM is usually used to simulate land sur-
face processes, such as the continental hydrological cycle
and the interaction between atmosphere and land surface
on  various  temporal  and  spatial  scales.  The  LSM  is  a
component of the coupled GCM, which is the main tool
to  providing  numerical  weather  and  seasonal  climate
forecasts.  Therefore,  accurate  initial  states,  such  as  soil
moisture  and  temperature,  snow  water  equivalent,  snow
cover, snow temperature, and snow density, can improve
numerical  weather  and  climate  prediction.  The  atmo-
sphere  and land surface can interact  by exchange of  en-
ergy  (i.e.,  sensible  and  latent  fluxes)  and  water  vapor
(i.e.,  evapotranspiration).  The  LSM  is  driven  by  low-
level  atmospheric  forcing  data,  such  as  precipitation,
downward  shortwave  and  longwave  radiation,  2-m  air
temperature and specific humidity, 10-m wind speed, and
surface pressure. As the coupled GCM produces substan-
tial biases for precipitation and downward shortwave ra-
diation  when  compared  with  observations,  these  biases
often  yield  significant  errors  and  drifts  in  soil  moisture,
soil temperature, and energy and water fluxes. These er-
rors  and drifts  in  turn affect  atmospheric  circulation,  re-
distribution  of  energy  and  water  vapor,  as  well  as  con-
vective activity.  The major purpose of regional  and glo-
bal  LDASs is  to  ingest  in-situ  and remotely sensed data

into  the  LSM  model  to  enhance  the  accuracy  of  initial
states  and  energy/water  fluxes  to  improve  land–atmo-
sphere interaction and the GCM forecast/prediction.

Several  operational  centers  have  used  their  national
and global LDAS systems to enhance the prediction skill
of  their  coupled  weather  and  seasonal  climate  forecast
systems.  The NCEP ingested the soil  moisture  and tem-
perature generated from GLDAS (Meng et al., 2012) in-
to  the  CFSR  reanalysis  (Saha  et  al.,  2010)  and  CFSv2
forecast  (Saha  et  al.,  2014)  to  enhance  seasonal  simula-
tion  and  forecast  skill.  The  overall  results  in  the  CFSR
show  large  improvements  when  compared  with  the
NCEP–DOE R2 analysis  and the observations.  Sensitiv-
ity  tests  show that  initial  states  generated  from GLDAS
improve  CFS  forecast  skill  when  compared  with  initial
states  generated  from R2 (Yang et  al.,  2011).  The  CaL-
DAS was developed to provide better representative land
surface initial states for the environmental prediction and
assimilation  systems  of  Environmental  Canada  to  en-
hance their forecast skill (Carrera et al., 2015).

The  ECMWF  LDAS  system  includes  a  2-m  air  tem-
perature  and  relative  humidity  analysis,  snow depth  and
temperature  analysis,  soil  temperature  analysis,  and  soil
moisture DA. It  first  uses a two-dimensional OI method
to  produce  2-m  air  temperature  and  relative  humidity,
and then the two fields are used as forcing in the DA of
snow  depth  and  soil  moisture.  Next,  the  data  generated
from previous steps are used for the soil  and snow tem-
perature analysis. Finally, all initial states (i.e., soil mois-
ture and temperature,  snow water equivalent,  snow tem-
perature,  snow  density,  etc.)  generated  from  the  LDAS
are  provided  to  the  ECMWF IFS (de  Rosnay,  2017).  In
the  research  perspective, Case  et  al.  (2011) improved
predictions  of  summertime  precipitation  over  southeast-
ern  U.S.  by  using  LDAS-generated  land  surface  states.
Osuri  et  al.  (2017) used  LDAS-generated  more  realistic
initial conditions to drive an NWP model to improve the
prediction of severe thunderstorms over the Indian mon-
soon region. Santanello et al. (2016) investigated the im-
pact of soil moisture assimilation on coupled land–atmo-
sphere  prediction,  and  the  results  showed  the  potential
for  higher-resolution  soil  moisture  assimilation  applica-
tions in weather and climate research. More details about
the  ECMWF  LDAS  system  including  relevant  publica-
tions  and  presentations  can  be  found  at https://software.
ecmwf.int/wiki/display/LDAS/LDAS+Home.  Note  that
the current NCEP and ECMWF GLDASs are coupled to
atmospheric  GCMs  every  six  hours  rather  than  at  each
time step. Strictly speaking, such a coupling is generally
weak and can be  called  quasi  coupling.  The coupling at
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Fig.  4.   A  schematic  diagram  of  regional  and  global  LDAS  outputs
and their applications (S2S: subseasonal to seasonal).
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each time step is expected in the future.
Although the weakly coupled LDAS system has been

used in numerical weather and seasonal climate systems,
its  application  is  still  at  an  initial  stage  when  compared
with  the  development  and  applications  of  uncoupled
LDAS.  More  experiments  and  investigations  about  the
impact  of  LDAS-generated  initial  states  on  weather  and
climate predictions are needed in the future.

5.2    Drought monitoring and prediction

Drought is generally defined as a prolonged period of
water  deficit  or  water  imbalance.  Its  characterization  is
commonly  based  on  different  drought  indices.  Drought
can be categorized into four types in terms of its impact:
meteorological,  agricultural,  hydrologic,  and  socioeco-
nomic  (Heim,  2002).  Monitoring  of  different  types  of
drought is achieved by computing drought indicators for
a  relatively  long  record.  Traditional  drought  monitoring
is generally based on in-situ meteorological observations
including precipitation and temperature. Drought indicat-
ors,  such  as  the  Palmer  Drought  Severity  Index  (PDSI;
Palmer,  1965)  or  the  standardized  precipitation  index
(SPI; McKee et al., 1993), have been developed based on
these observations and employed for drought monitoring.
In  recent  decades,  advancements  in  remote  sensing (Mu
et al., 2013; AghaKouchak et al., 2015) and land surface
modeling  (Nijssen  et  al.,  2014; Xia  et  al.,  2014a)  have
advanced drought  monitoring,  which provides important
monitoring information at regional or even global scales
based  on  a  variety  of  land  surface  variables  (soil  mois-
ture, runoff, etc.). However, certain challenges still exist
in drought monitoring based on remote sensing (e.g., er-
rors in the estimations) or land surface simulations (e.g.,
uncertainties  in  the  model  simulations  even  with  the
same forcing products) (Hao et al., 2017).

To address  these challenges,  DA has been commonly
used  to  merge  in-situ  observations,  remote  sensing
products,  LSM  simulations,  and  climate  forecasts  for
drought  monitoring and prediction (Hao et  al.,  2018).  A
variety  of  LDASs  developed  in  recent  decades,  includ-
ing the NLDAS and GLDAS, provide multiple state and
flux  variables  that  have  been  widely  applied  to  drought
monitoring  (Xia  et  al.,  2014a,  b; Hao  et  al.,  2016a).
Meanwhile, data products from LDAS also provide use-
ful  information for  drought  prediction by providing pre-
dictors  or  initial  conditions  (Hao  et  al.,  2016b).  For  ex-
ample,  based  on  the  recently  developed  Coupled  Land
and  Vegetation  Data  Assimilation  System  (CLVDAS),
initial conditions for both soil moisture and leaf area in-
dex (LAI)  can  be  obtained for  the  prediction  of  eco-hy-
drological droughts (Sawada and Koike, 2016).

5.3    Agricultural crop management

Crop yields are important for socioeconomic develop-
ment in different regions around the world, and accurate
estimation  of  crop  yields  plays  an  important  role  in  in-
formed decision-making.  Traditionally,  agricultural  crop
management,  including  crop  condition  monitoring  and
crop yield predictions, is generally based on crop models
or  remote  sensing observations.  For  the  crop model,  the
status  of  crop  growth  can  be  simulated  for  timely  crop
management  and  decision-making  to  maximize  crop
yields. Remote sensing can offer comparatively accurate
and  reliable  input  variables  for  the  crop  model  to  im-
prove simulation results.

However, it is difficult for the single crop model to ex-
pand from a single point to regional scale due to the diffi-
culty  of  parameters  needed,  while  remote  sensing  based
products  may  fall  short  in  time  continuity  and  agricul-
ture  rationale  (Li  et  al.,  2011).  The  DA  technique
provides an important tool to integrating crop models and
remotely sensed observations,  thus addressing these two
challenges with improved model simulations. The LDAS
is mainly applied to agricultural  practice in two aspects,
crop  growth  monitoring  (Ma  et  al.,  2008; Machwitz  et
al.,  2014)  and  crop  yield  forecasting  (de  Wit  and  van
Diepen, 2007; Dente et al., 2008; Li et al., 2014), both of
which are crucial for agricultural operations and manage-
ment,  as  they  can  provide  valuable  information  for  pre-
cise irrigation, fertilization, irrigation, and forecast of ag-
ricultural productivity.

A commonly adopted DA scheme is to assimilate dif-
ferent  types  of  observations  from  remote  sensing  pro-
ducts into crop models. In crop growth monitoring, many
researchers have assimilated remote sensing data such as
LAI  (Pellenq  and  Boulet,  2004),  biomass  (Machwitz  et
al., 2014), and soil water (Nouvellon et al., 2001), to im-
prove  the  ability  of  crop  models  in  simulating  crop
growth. Similarly, the crop yield estimates have been im-
proved  by  assimilating  vegetation  indices,  such  as  LAI
(Xie et al.,  2017; Mokhtari et al.,  2018), biomass (Jin et
al.,  2017),  and  soil  moisture  (Chakrabarti  et  al.,  2017),
into crop models. A simple example of using the LDAS
to aid agricultural crop planning is shown in Fig. 5.

In  this  process  of  combining  the  assimilation  of  re-
mote  sensing  data  with  crop  models,  both  remote  sens-
ing techniques and crop models play a vital role. To sim-
ulate crop growth conditions accurately, researchers have
made  progress  in  improving  crop  models  such  as  the
WOFOST (World Food Studies; van Diepen et al., 1989)
and  DSSAT  (Decision  Support  System  for  Agrotechno-
logy Transfer; Jones et al., 2003). Meanwhile, some new

APRIL 2019 Xia, Y. L., Z. C. Hao, C. X. Shi, et al. 169



satellite  products  (such  as  Gaofen-1; Feng  et  al.,  2016
and SPOT-6; Henry et al., 2017) as well as new tools for
gaining  information  on  crop  dynamic  change  (e.g.,  the
Unmanned  Aerial  Vehicles)  have  emerged.  In  addition,
the  development  of  radar  technology  has  also  provided
data on crop growth status for assimilation. Generally, al-
though combining DA with crop models has meant some
significant improvements in the accuracy of crop models
in crop growth simulation and yield prediction, there re-
mains  much  scope  for  further  improvements.  For  in-
stance, how to combine different crop models and to ac-
quire remote sensing data of higher spatial and temporal
resolutions  are  still  important  for  more  accurate  simula-
tions of crop growth and yields.

5.4    Flood warning and water resources management

Hydrological models have been among the most valu-
able tools in simulating hydrologic processes at regional
and global scales. However, these models are subject to a

suite of uncertainties in the forcing data and model struc-
tures or parameters. Quantifying and reducing uncertain-
ties are thus needed to obtain accurate and reliable hydro-
logical  forecast.  Traditionally,  the  DA  technique  pro-
vides  a  promising  potential  to  improve  the  hydrological
model with higher accuracy and the quantification of un-
certainty through integrating model simulations with ob-
servations (Liu et al., 2012; Khaki et al., 2018).

As  one  of  the  popular  DA methods,  Kalman filtering
was  introduced  into  flood  forecasting  around the  1970s,
which  was  an  early  use  of  DA  methods  in  hydrologic
studies.  Thereafter,  the  Kalman filter  received  extensive
attention  in  the  application  of  hydrologic  forecasting
(e.g., Kitanidis and Bras, 1980). Along with the develop-
ment  of  ensemble  theory,  the  ensemble  Kalman  filter
method  was  developed  in  the  late  1990s  and  has  been
widely used in flood warning and other hydrologic prac-
tices  (Komma  et  al.,  2008; Fan  et  al.,  2017).  Many  of
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Fig. 5.   Applications of three-model averaged NLDAS top 1-m soil moisture for agricultural crop planning in the USDA. (a) Used in conjunc-
tion with USDA crop-area shape files for crop-weather assessment to assess the dryness depicted in the Corn Belt of US, (b) adverse conditions
afflicting cotton from Texas’ drought to excessive wetness in the mid-Atlantic, and (c) dire planting prospects for winter wheat on the southern
Plains of US.
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these applications involve assimilation of gauge observa-
tions  into  hydrological  models  to  improve  the  stream-
flow  prediction.  The  advancement  in  satellite  remote
sensing,  geographic  information  system  development,
and rain detection with digital radar has facilitated the as-
similation  of  remote  sensing  products  (precipitation,
snow cover, soil moisture, etc.) into hydrological models
(Crow and Wood, 2003; Reichle and Koster, 2005; Liu et
al., 2017). Though hydrologic DA has been shown to be
a useful tool for reducing predictive uncertainty and im-
proving prediction accuracy, its application to operational
hydrologic  forecasting and water  resources  management
is rather limited, partly due to lack of a clear mechanism
to  quantify  the  uncertainty  in  observations  and  forecast
models and to merge data and models in an efficient and
transparent way for forecasters (Liu et al., 2012).

Due to the errors/uncertainties in the atmospheric for-
cing (initial conditions), model structure, and parameters,
the ensemble forecasting approach has gained much pop-
ularity and provided a new prospect for flood forecasting
and water resources management, as this approach could
prolong  the  effective  prediction  period  and  improve  the
forecast  accuracy  (Cloke  and  Pappenberger,  2009;
Doycheva  et  al.,  2017).  However,  a  number  of  chal-
lenges also exist in ensemble hydrologic prediction, such
as providing consistent  ensemble forcing and improving
uncertainty estimation in observations, which call for ad-
vances  in  many  elements  of  the  ensemble  forecast  sys-
tem (Seo et  al.,  2014).  DA has  been integrated  with  the
ensemble hydrologic forecasting for a variety of applica-
tions  including  the  uncertainty  quantification.  For  ex-
ample, Wang  et  al.  (2018) reduced  the  uncertainties  of
hydrologic  ensemble  forecasting  by  pre-processing  and
post-processing assimilation data. Recently, new assimil-
ation  schemes  have  been  developed  to  address  certain
limitations  in  DA  and  improve  hydrologic  forecasting.
For  example,  to  address  the  challenge  of  computational
demand with high dimensional systems in hydrologic ap-
plications, Khaki et al. (2018) proposed a nonparametric
DA scheme (i.e.,  Kalman–Takens filter),  which success-
fully  improved  the  estimated  water  storage  with  less
computational  time.  A  review  of  the  progress,  chal-
lenges,  and  opportunities  of  DA  in  hydrologic  forecast-
ing has been provided by Liu et al. (2012).

6.    Challenges and future prospects in LDAS

The  national,  regional,  and  global  LDASs  have  been
successfully  developed  over  the  past  two  decades  and
their products have been widely used in a variety of ap-

plications including NWP and drought  and flood monit-
oring. However, there are still many challenges that may
limit  their  further  development  and  applications.  These
challenges  come  from  poor  data  quality,  a  lack  of  sci-
entific  understanding  of  model  physical  processes  and
parameters, and spatial scale mismatches between in-situ
observations  and  model  grids.  These  challenges  are  dis-
cussed as follows.

6.1    In-situ and remotely sensed data and reanalysis
products

In this section, we first discuss general issues in com-
monly  used  data  products  in  hydrometeorology,  as  they
directly affect LDAS development and the product evalu-
ation/validation. The in-situ measurements and remotely-
sensed  data  are  the  basis  for  LDASs  and  especially  im-
portant for enhancing the LSM, the DA scheme, product
evaluation, and LSM parameter calibration. High-quality
observations are  crucial  for  LDAS development  and ap-
plications.  However,  the  quality  of  observed  data  is  af-
fected  by  missing  data,  malfunctioning  instruments  and
sensors,  different  measurement  standards,  and  limita-
tions of measurement techniques. In particular, the meas-
urement  error  and  uncertainty  are  unknown  for  ground
measurements.
6.1.1    In-situ observations

(a) Soil moisture
For  measured  soil  moisture, Dorigo  et  al.  (2013) and

Quiring et al.  (2016) summarized various causes of data
quality  issues  and  developed  automated  quality  control
methods to flag erroneous daily data measurements (Xia
et al., 2015b; Liao et al., 2019). Gruber et al. (2016) used
a  triple  collocation  method  to  estimate  the  average  net-
work error and sensor error with very limited data. These
efforts  support  the  community  goal  to  reasonably  incor-
porate in-situ soil moisture observations into LDAS. For
soil  temperature,  a  quality  control  method  (Hu  et  al.,
2002)  is  used  to  flag  erroneous  daily  soil  temperature
data  for  292  U.S.  cooperative  stations  (Hu  and  Feng,
2003).  The  quality-controlled  data  have  been  used  to
evaluate  soil  temperature  simulations  in  NLDAS-2  (Xia
et  al.,  2013b).  It  should  be  noted  that  the  International
Soil  Moisture  Network  (ISMN)  has  integrated  most  of
the in-situ soil  moisture observational network measure-
ments  into  a  single  dataset,  which  is  very  helpful  for
global  LDAS  development  and  applications.  However,
in-situ  soil  temperature  measurements  are  still  archived
in  different  countries  and  by  different  organizations.
Therefore, an effort to integrate these in-situ soil temper-
ature  measurements  into  a  single  dataset  as  ISMN  is
needed in the future.
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(b) Fluxes
There  are  very limited tower  flux measurements  over

the  globe,  with  a  lot  of  missing  data  due  to  instrument/
sensor  failures,  in  particular  during  the  cold  season
(September  to  April).  In  addition,  because net  radiation,
sensible and latent  heat  fluxes,  and ground heat  flux are
measured  separately,  their  energy  budgets  are  not  bal-
anced  (Wilson  et  al.,  2002; Foken,  2008).  Even  though
the energy balance closure at some sites has been correc-
ted on the monthly timescale (Jung et al., 2010), the cor-
rection and reduction of this closure error are still uncer-
tain  for  all  timescales,  in  particular  for  hourly  and daily
timescales (Shuttleworth, 2007). Some corrected and un-
corrected  flux  data  have  been  used  to  crudely  evaluate
NLDAS-2 ET simulations (Xia et al., 2015a).

(c) Streamflow
Streamflow  measured  from  gauges  has  been  widely

used  to  evaluate/calibrate  LSMs  and  hydrological  mod-
els  (Lohmann  et  al.,  2004; Troy  et  al.,  2008; Xia  et  al.,
2012b).  In  general,  the  measurement  errors  come  from
observations  of  stream  stage,  periodic  measurements  of
streamflow,  and  development  of  a  rating  curve  to  con-
vert  stage  to  discharge  (Hamilton  and  Moore,  2012).
Harmel  et  al.  (2006) briefly  summarized the  uncertainty
range  in  streamflow  measurements  by  various  methods
for  small  watersheds  (varying  from  4%  to  over  100%).
Furthermore,  as  it  is  an  integrated  variable  for  a  given
watershed/basin,  the  data  quality  is  largely  affected  by
many human activities  such  as  dam building,  regulation
of  water  use,  and  irrigation.  In  particular,  for  long-term
(>  30  yr)  measurement,  these  human  activities  also  res-
ult  in  data  discontinuity  before  and  after  the  dams  are
built.  Although NLDAS developers have identified over
1000 small to medium size basins (＜ 104 km2) with small
human effects, there are still  data from gauges that have
some  human  effects  (Xia  et  al.,  2012b).  To  solve  this
problem, it is a reasonable choice that either the data er-
ror is adjusted based on known human activities or these
activities are included in the LSM as physical processes.

(d) Snowfall, snow depth, and snow water equivalent
In-situ snow depth and snow water equivalent are two

important  variables  in  the  development  of  regional  and
global LDASs. Systematic measurement errors caused by
wind  include  wetting  loss,  evaporative  loss,  capping  of
gauge  orifice,  and  blowing  snow  (Rasmussen  et  al.,
2012).  A  double  fence  intercomparison  experiment  or-
ganized  by  World  Meteorological  Organization  (WMO)
has shown that the catch efficiency for most widely used
gauges has been reduced from 100% to 20% (depending
on the gauge type) when wind speed increases from 0 to

8 m s–1 (Yang et al., 1998). Therefore, wind bias adjust-
ments for the measurement of snowfall in windy environ-
ments are the first step. In general, wind causes an under-
catch  of  snowfall  measurement.  In  contrast,  blowing
snow  can  result  in  overestimation  of  snow  depth  and
snow  water  equivalent.  Recently,  bias  correction  for
wind  has  been  applied  to  adjust  gauge  precipitation,
snowfall,  snow  depth,  and  snow  water  equivalent
(Ungersböck et al., 2001; Yang et al, 2005) to reduce the
systematic bias of these measured data.
6.1.2    Remotely sensed data

Although  in-situ  data  are  measured  directly  by  vari-
ous  instruments,  these  data  are  station  dependent.  There
are few stations in remote regions such as Africa and the
polar  areas.  Remotely  sensed  data  related  to  the  water
cycle  (precipitation,  snowpack,  soil  moisture,  ET,  etc.)
are  grid-based  data  with  temporal  and  spatial  continuity
(Table  2).  However,  most  remotely  sensed  data  are  not
directly measured from satellites and they need to be re-
trieved from satellite images by using either empirical or
physical-based  algorithms.  Therefore,  errors  come  from
not  only  satellite  image  errors  but  also  uncertainties  in
the  parameters  used  in  these  algorithms,  which  need  to
be  calibrated  against  limited  in-situ  observational  data.
Derin and Yilmaz (2014) indicated that  remotely sensed
precipitation generally has difficulty in representing high
spatiotemporal  variability  in  areas  with  complex  topo-
graphy when the precipitation is controlled by orography.
Infrared-based  retrievals  cannot  capture  light  precipita-
tion  events  and  underestimate  orographic  rainfall
amounts,  whereas  passive-microwave  based  retrievals
have  difficulty  in  detecting  orographic  precipitation,  es-
pecially during the cold season when the precipitation is
snowfall. A comparative analysis for global precipitation
products,  including  satellite  retrievals,  was  performed
and the details about the assessment of satellite-retrieved
precipitation quality can be seen in Sun et al. (2018).

(a) Snowpack
During  cold  season  in  mountainous  high-latitude  re-

gions, snowpack variations manifested by snow accumu-
lation, snowmelt and refreezing processes, and snow sub-
limation play a key role in the regional and global water
and  energy  cycles.  Snow  depth,  snow  cover  fraction
(SCF), and snow water equivalent (SWE) are three vari-
ables  retrieved  mainly  from  satellites  to  monitor
snowpack  variations. Dietz  et  al.  (2012) discussed  vari-
ous  problems  and  drawbacks  of  different  sensors  and
methods  to  retrieve  snow  cover,  SCF,  and  SWE.  The
main error sources lie in the effects of cloud cover, land
cover  (forest,  water,  ice),  and  terrain  conditions  (eleva-
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tion,  slope,  and  aspect).  The  clouds  obscure  the  surface
and  so  optical  sensors  cannot  effectively  detect  snow
cover.  Furthermore,  the sensor can misinterpret  between
clouds  and  snow  cover.  Water  bodies  and  lake  ice  can
lead  to  false  snow-cover  recognition.  In  addition,  the
sensors  identify  densely  forested  regions  as  land  cover
even when ground surface is covered by snow. In moun-
tainous  regions,  snow-cover  and  snow-free  areas  vary
greatly due to orographic effects, and sensors have diffi-
culty in accurately detecting snow covered areas (Dietz et
al., 2012). Overall, the data quality depends on the satel-
lites, algorithms, and variables retrieved.

(b) Soil moisture
As in-situ soil moisture observations are few and geo-

graphically sparse, remotely sensed soil moisture is play-
ing a critical role in numerical weather and seasonal cli-
mate forecasts, agricultural crop planning, drought mon-
itoring,  and  water  resources  management.  Compared  to
in-situ measurements,  the limitation is  that  only the sur-
face  soil  moisture  is  able  to  be  retrieved  from  remote
sensing  data  (Kerr,  2007; Wagner  et  al.,  2007; Crow  et
al.,  2012).  It  is  still  difficult  to  estimate  soil  moisture  at
the  root  zone  depth  using  remote  sensing  methods,  al-
though the remotely sensed surface soil  moisture can be
vertically  extrapolated  to  constrain  root  zone  soil  mois-
ture  estimates  with  the  use  of  land  DA  techniques
(Reichle et al., 2008). In addition, soil moisture in partic-
ular  is  a  variable  with  extremely  high  heterogeneous
characteristics  as  it  is  controlled by many factors  with a
highly heterogeneous spatial  distribution (e.g.,  precipita-
tion,  topography,  soil  texture,  hydrologic  conductivity,
vegetation, and other surface meteorological conditions).
The main error sources for remotely sensed soil moisture
include  vegetation  density  and  surface  roughness  (Al-
Yaari et al., 2014), different overpass times and retrieval
algorithms,  distinctive  error  characteristics  for  each
sensor  (Yilmaz  et  al.,  2012),  downscaling  method,  and
related  vegetation,  albedo  and  orographic  data  uncer-
tainty (Peng et al.,  2017). Cui et al.  (2018) evaluated 10
satellite  retrieved  soil  moisture  products  (e.g.,  SMAP,
SMOS,  FY3B,  AMSR2,  ESA  CCI,  etc.)  using  ground-
based  soil  moisture  observations  in  the  Little  Washita
Watershed  network  of  the  U.S.  and  the  REMEDHUS
network  of  Spain.  Overall  results  show  that  the  passive
and  enhanced  passive  soil  moisture  products  of  SMAP
are superior to other products and have a great potential
for practical applications (Cui et al., 2018).

(c) ET
For  the  regional  and  global  water  and  energy  cycles,

ET  is  an  important  component  that  affects  precipitation
partitioning  (ET,  runoff,  and  terrestrial  water  storage)

and  net  radiation  partitioning  (sensible,  latent,  and
ground heat flux). As discussed above, the ET data meas-
ured  by  flux  towers  are  very  limited.  The  satellite  re-
trieved  and  model  simulated  ET  data  are  good  alternat-
ives as they are grid-distributed.  The global  MODIS ET
product  has  been  widely  used  and  its  mean  absolute  er-
ror is 24.1% of the ET measured from towers, within the
range  (10%–30%)  of  the  reported  uncertainties  in  ET
measurement  (Mu  et  al.,  2011).  Two  other  widely  used
datasets  are  global  satellite-based  ET  products  derived
from the  Model  Tree  Ensemble  (MTE) method (Jung et
al.,  2009)  and  the  Global  Land  Evaporation  Amsterdam
Model  (GLEAM; Miralles  et  al.,  2011; Martens  et  al.
2017). Jiménez  et  al.  (2011) compared  12  global  ET
products,  including  5  satellite  retrieved  and  several
reanalysis  and  offline  LSM  products,  and  the  results
showed  large  uncertainty  (the  all-product  global  annual
average  is  approximately  45  W  m–2 with  a  spread  of
about  20  W  m–2).  As  each  ET  product  has  its  own
strengths and weaknesses,  merging multiple ET datasets
by  the  ensemble  mean method can  generate  a  better  ET
product,  although  the  sources  of  uncertainty  in  remote
sensing ET models  remain  unclear  (Zhang et  al.,  2016).
The  uncertainty  of  ET  estimation  with  remote  sensing
and  various  surface  energy  balance  algorithms  was  re-
viewed  by Liou  and  Kar  (2014).  Broadly  speaking,  ET
uncertainty  is  generally  associated  with  LST  (land  sur-
face  temperature  obtained  from  remote  sensing)  uncer-
tainty,  differing  ET  retrieval  methods,  ignoring  noctur-
nal transpiration and dew, errors in near-surface meteoro-
logical  variables,  inaccurate  vegetation  data  (vegetation
cover,  plant  height,  etc.),  and  ignoring  radiation  diurnal
variation  (Liou  and  Kar,  2014).  However,  comprehens-
ive  analysis  and  diagnostics  for  ET  uncertainty  are  still
needed in the future to improve the scientific understand-
ing of these satellite ET retrievals.

(d) Radiation
There  are  many  remotely  sensed  variables  related  to

the surface energy cycle (e.g., incoming and outgoing ra-
diation,  land  surface  temperature).  In  general,  for  the
GEWEX  SRB  monthly  shortwave  and  longwave  radi-
ation,  the  errors  are  within  10  W  m–2 when  evaluated
against ground measurements obtained from the Baseline
Surface Radiation Network (BSRN). Larger errors in the
downward  shortwave  radiation  appear  over  the  African
and  South  American  regions  where  aerosols  from  bio-
mass  burning  are  not  accounted  for  in  the  shortwave
model  (Konzelman  et  al.,  1996).  The  error  sources  also
include  bias  and  random  errors  due  to  local  meteorolo-
gical  conditions  (e.g.,  atmospheric  humidity  and  cloudi-
ness). For CERES, the uncertainty is 3.0 (4.0) W m–2 for
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the  all-sky  global  annual  mean  upward  (downward)
shortwave  radiation.  The  uncertainties  in  upward  and
downward  longwave  irradiance  are  3.0  and  6.0  W  m–2,
respectively.  Overall  uncertainty  in  the  global  annual
mean  surface  shortwave  and  longwave  net  radiation  is
8.0  W  m–2 when  compared  with  the  observations  from
buoys  and  land  surface  sites  (Kato  et  al.,  2018).  For
GOES-R,  the  bias  of  downward  shortwave  and  long-
wave radiation is 3.6 and –6.8 W m–2, respectively, when
compared  with  BSRN  observations.  The  errors  may
come from inaccurate surface albedo in de-clouding pro-
cesses and narrowband to broadband corrections in atmo-
spheric anisotropy, and many other sources (Liang et al.,
2010).

(e) LST
LST is one of the most important parameters in repres-

enting the  physical  processes  of  surface  energy and wa-
ter  balance at  local  to global  scales (Bateni  and Entekh-
abi,  2012; Xu  et  al.,  2019).  Corresponding  to  station-
based  in-situ  LST  observations,  satellite  data  cover  a
global range and have sufficiently high temporal and spa-
tial  resolutions.  LST  data  are  retrieved  from  satellite
thermal  infrared  data  (GOES,  Landsat,  MODIS,  etc.),
which  are  directly  linked  through  the  radiative  transfer
equation. Li  et  al.  (2013) reviewed  the  status  and  per-
spectives of satellite retrieved LST and indicated the dif-
ficulties and problems in LST retrieval from space meas-
urements.  Error  sources  have  been  investigated  for  the
LST  retrieved  from  thermal  infrared  single  channel  re-
mote  sensing  data  (Jiménez-Muñoz  and  Sobrino,  2006).
The LST error is 2.3, 1.5, and 2.0 K for GOES (Yu et al.,
2009),  Landsat  (Parastatidis  et  al.,  2017),  and  MODIS
(Wan, 2014), respectively.
6.1.3    Reanalysis products

Another  important  data  source  is  the  atmospheric
reanalysis  produced  by  various  operational  centers  and
research institutes (Table 2).  The atmospheric reanalysis
is  generated by using a DA scheme and the models that
integrate  all  available  observations  every  6–12  h  during
the analysis period, as real-time observation network and
data  may  change  over  the  duration  of  each  reanalysis
product. The changing observation mix can generate arti-
ficial variability and spurious trends. However, the qual-
ity of  various reanalysis  products has been proven to be
comparable  with  satellite  retrievals  when  evaluated
against independent observations. Sun et al. (2018) com-
pared  reanalysis  precipitation  products  with  satellite-re-
trieved and in-situ gauge-based precipitation data and the
results showed that reanalysis datasets generally had lar-
ger  discrepancies  when  compared  with  the  satellite-re-

trieved and gauge-based data. The advantage of reanalys-
is products is that they cover a long-term period (> 30 yr)
and have a complete spatiotemporal distribution. Beck et
al.  (2017a) also  evaluated  22  global  precipitation  data-
sets  using  gauge-based  observations  and  land  surface
modeling.  These  evaluations  and  intercomparisons  give
an  overall  assessment  of  data  reliability  and  quality.  In
addition, many other variables including air temperature,
radiation,  evapotranspiration,  energy  fluxes,  snow  pack,
etc.,  are  intercompared  and  assessed  against  satellite  re-
trievals  and  gauge-based  observations  (Troy  and  Wood,
2009; Jiménez  et  al.,  2011; Wang  and  Zeng,  2013;
Chaudhuri et al., 2014; Snauffer et al., 2016). The results
show  that  these  reanalysis  products  generally  capture
temporal and spatial variability when compared with the
observations.

6.2    Surface meteorological forcing data

One  of  the  most  important  LDAS  components  is  the
LSM,  which  simulates  the  energy  and  water  cycles,  in-
cluding  interactions  between  the  atmosphere  and  land
surface  (Fig.  1).  No matter  how sophisticated the  LSMs
are in representing land surface processes, or how accur-
ate  the  boundary  and  initial  conditions  are,  such  LSMs
will  not  give  realistic  simulation results  if  their  forcings
are  not  accurate  (Cosgrove  et  al.,  2003b).  The  accuracy
of  surface  meteorological  forcing  data  strongly  affects
simulations  of  soil  moisture,  evapotranspiration,  runoff,
snowpack,  and  sensible  and  latent  heat  fluxes,  particu-
larly  in  uncoupled  and  weakly  coupled  LDASs.  The
standard  forcings  to  drive  LSMs  include  precipitation,
2-m  air  temperature  and  specific  humidity,  downward
shortwave and longwave radiation, 10-m wind speed, and
surface air pressure. Such a standard was first suggested
and used in the Project for Intercomparison of Land-sur-
face  Parameterization  Schemes  (PILPS; Henderson-
Sellers  et  al.,  1995).  Forcing  data  can  be  generated  for
various  spatial  scales  from  a  small  watershed  to  global
scale.  These  forcing  data  can  be  obtained  from  atmo-
spheric  NWP  models  and  atmospheric  reanalysis
products  (Table  2).  However,  such  models,  which  have
biases  and parameterization  errors,  produce  forcing data
with a large bias (especially precipitation and solar insol-
ation).  Substantial  biases  in  forcing  data  will  negatively
affect  LSM’s  simulations  and  outputs.  A  more  practical
and robust method is to obtain as much observational for-
cing data as possible. As a successful regional LDAS, the
NLDAS uses  the  best  available  observations  and  model
outputs to construct quality-controlled, spatially and tem-
porally  consistent  forcing data  to  support  its  multi-LSM
modeling  activities  (Cosgrove  et  al.,  2003a).  Using  a
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similar  strategy, Rodell  et  al.  (2004) and Sheffield et  al.
(2006) generated  global  surface  meteorological  forcing
datasets.

National  and  regional  LDASs  were  developed  more
rapidly than the global LDAS. One of the reasons is that
accurate forcing data can be more easily obtained as each
country  has  its  own  gauge-based  precipitation  observa-
tional  network.  When  observational  and  modeled  data
are merged together, the challenging issue is how to gen-
erate forcing data that are temporally and spatially homo-
geneous.  The  NLDAS  forcing  data  generation  has  been
carefully performed. However, there is still a spatial dis-
continuity  in  precipitation  along  the  boundary  between
the U.S. and Canada, or between the U.S. and Mexico as
different  precipitation  products  are  blended  together.
With  temporal  variation,  a  precipitation  forcing  discon-
tinuity  also  exists  before  and  after  1996,  as  different
hourly products are used to temporally disaggregate CPC
gauge-based  daily  precipitation  into  hourly  precipitation
(Ferguson and Mocko,  2017).  Temporal  discontinuity  is
also found in the NASA GLDAS-1 forcing data (Wang et
al.,  2016)  as  various  models  and  observation  data  are
merged  temporally.  Generally  speaking,  the  quality  of
national  and  regional  LDAS  forcing  data  is  better  than
global  LDAS  forcing  because  of  the  use  of  more  high-
quality  observational  data.  Therefore,  mosaic-type  glo-
bal LDAS forcing data can be produced by merging vari-
ous national and regional LDASs, forcing them together
when  all  national  and  regional  high-quality  forcing  data
are included. The challenge here is that the boundary dis-
continuity  issue  between the  various  national  and regio-
nal LDAS domains needs to be solved.

Generally  speaking,  atmospheric  reanalysis  products
are usually used as a backbone forcing to drive LSMs for
many LDAS systems as reanalysis products are free from
missing data and cover a long-term period, although their
spatial resolution is coarse. For example, NARR data are
used  for  the  NLDAS  and  CFSR  data  are  used  for  the
NCEP  GLDAS.  Among  the  seven  variables  of  LDAS
forcing,  precipitation  is  the  most  important  variable  for
LDAS  development.  Gauge-based  precipitation  plays  a
key role for surface meteorological forcing generation as
its  quality  is  the  best  where  there  are  sufficient  rain
gauge  stations  (e.g.,  midlatitude).  The  satellite-retrieved
precipitation is an important alternative, in particular for
the tropics, where there are few rain gauge stations. Fur-
thermore, the accuracy of reanalysis precipitation data is
much  lower  over  the  tropics  than  over  the  midlatitudes
(Meng et  al.,  2012; Lee and Biasutti,  2014).  In  the high
latitude  and  Polar  regions,  both  gauge-based  precipita-
tion (with few rain gauges) and satellite-retrieved precip-

itation  are  not  reliable,  and  thus  reanalysis  precipitation
data  are  used (Meng et  al.,  2012).  The second most  im-
portant  variable  is  downward  shortwave  radiation  at  the
land  surface.  The  reanalysis  downward  shortwave  radi-
ation  needs  to  be  bias  corrected  against  the  satellite-re-
trieved  product  to  reduce  systematic  biases  (Berg  et  al.,
2003; Sheffield et al., 2006; Xia et al., 2013a). The third
most important variable is 2-m air temperature, which af-
fects the exchanges of water and energy between the at-
mosphere  and  land  surface.  In  addition,  its  zero  value
(0°C) is usually used to simply separate precipitation into
rainfall and snowfall directly within the LSMs. Small air
temperature  errors  may  misclassify  precipitation  into
rainfall or snowfall, which will strongly affect snowpack,
runoff, and soil moisture simulations. However, precipit-
ation  phase  is  largely  affected  by  many  meteorological
variables (e.g., air temperature, surface pressure) and to-
pographic  factors  (e.g.,  elevation,  slope)  as  it  is  a  quite
complex  process  (Dai,  2008; Ding  et  al.,  2014).  There-
fore,  a  more accurate method to separate total  precipita-
tion into rainfall and snowfall is needed in the future.

There are many difficulties and challenges in generat-
ing  global  forcing  fields,  including  temporal  and  spatial
downscaling,  orographic  adjustment,  bias  correction,
merging  techniques,  spatiotemporal  discontinuity  reduc-
tion, internal coherence adjustment, and data quality con-
trol  (Sheffield  et  al.,  2006).  The  Princeton  University
Terrestrial  Hydrology  Research  Group  generated  0.25°,
0.5°, and 1° global forcing data (http://hydrology.princeton.
edu/data.pgf.php)  and  these  data  have  been  used  in  the
NASA  GLDAS-2  to  improve  its  performance  over  GL-
DAS-1. As LDAS is developing toward hyper-resolution
(approximately 1 km; Wood et al., 2011) and high resol-
ution  (approximately  4  km,  NULDAS)  global  land  sur-
face modeling, high resolution and high-quality observa-
tional, reanalysis, and satellite-retrieved datasets, as well
as  advanced  merging  techniques  and  bias-correction
methods are needed. Recently, Beck et al. (2018) used a
multi-source weighted-ensemble approach to merge mul-
tiple  reanalysis  products  with  several  gauge-based  and
satellite-retrieved products, to produce global 0.1° and 3-
hourly  global  precipitation  data  covering  a  period  from
1979 to present (http://www.gloh2o.org/), based on their
previous  work  (Beck  et  al.,  2017a, b).  For  regional  do-
mains,  NOAA’s  National  Water  Center  is  producing  4-
km high-quality surface meteorological forcing data over
the  continental  United  States  (CONUS)  from  1979  to
present  (David  Kitzmiller,  National  Water  Center,  per-
sonal  communication),  and  CMA’s  National  Meteorolo-
gical Information Center is producing 6-km high-quality
surface  meteorological  forcing  data  over  China  from
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2008  to  present  (Yang  et  al.,  2017).  The  NCEP  Land–
Hydrology  Group  is  initiating  a  project  to  produce  glo-
bal 0.04° and hourly surface meteorological forcing as a
part  of  the  NULDAS development.  All  these  efforts  are
moving regional and global LDAS systems from 0.25°–1°
down to approximately 0.04° spatial resolution.

6.3    Soil and vegetation parameters

Soil  and  vegetation  parameters  need  to  be  provided
simultaneously  to  LSMs  as  fixed  fields.  In  NLDAS,  16
soil  texture  classes  were  derived  from  the  1-km
STASGO  (State  Soil  Geographic  Database)  database
(Miller and White,  1998) over CONUS. Outside of CO-
NUS, 16 soil texture classes were derived from the 5-min
ARS  (Agricultural  Research  Service)  FAO  (Food  and
Agriculture  Organization)  global  soil  database  (Reyn-
olds et al., 2000). In both NCEP GLDAS and NASA GL-
DAS-2,  the  soil  texture  map  is  a  hybrid  of  30-s
STATSGO  over  CONUS  and  5-min  FAO  elsewhere.
This strategy leads to spatial  discontinuity at  the bound-
ary  of  the  two  databases.  Recently,  two  global  harmon-
ized  soil  databases  have  been  developed.  The  harmon-
ized world soil database was first developed by Fischer et
al. (2008) and the data can be downloaded from the FAO
website  (www.fao.org/soils-portal/soil-survey/soil-maps-
and-databases/harmonized-world-soil-database-v12/en/).
Five  years  later, Wei  et  al.  (2014) developed  a  compre-
hensive,  global  1-km  soil  dataset  for  use  in  LSMs  by
merging various regional soil databases. A sensitivity test
shows that  soil  type has  the  largest  effect  on evapotran-
spiration  in  semi-arid  regions  and  on  runoff  in  wet  re-
gions,  when  two  soil  databases  are  used  in  Noah-MP
LSMs  (Zheng  and  Yang,  2016).  As  some  soil  related
parameters,  such as hydrologic conductivity,  directly af-
fect soil water storage, the ET and runoff processes have
large uncertainties and these parameters need to be calib-
rated  through  LSMs  against  the  observations  (see  Sec-
tion 6.4).

Vegetation parameters mainly include vegetation clas-
sification, vegetation greenness fraction, LAI, and veget-
ation  albedo.  In  general,  two  satellite-based  global  land
cover  datasets  are  used  in  regional  and  global  LDASs.
One  such  dataset  is  the  AVHRR  (Advanced  Very  High
Resolution Radiometer on NOAA polar satellites)  based
data at 1-km spatial resolution with 13-class vegetation at
the global scale (Hansen et al., 2000). Another dataset is
the modified IGBP MODIS 20-category vegetation (land-
use)  data (Friedl  et  al.,  2010; Broxton et  al.,  2014).  The
use  of  MODIS  land  cover  (in  particular  the  addition  of
urban and build-up categories) has improved the simula-

tion of daytime surface temperature and sea-breeze flows
in southern California (Sequera et  al.,  2016).  Global  ve-
getation greenness fraction and LAI data can be obtained
from  the  NASA  GLDAS  website  (https://ldas.gsfc.nasa.
gov/gldas/GLDASlaigreen.php).  NESDIS/NOAA  0.15°
monthly  5-yr  climatology  surface  albedo  can  be  ob-
tained  from  the  NCAR  NOAH-MP  website  (https://ral.
ucar.edu/solutions/products/noah-multiparameterization-
land-surface-model-noah-mp-lsm). Although regional and
global LDASs use the same vegetation and soil class, dif-
ferent  LSMs may  use  different  parameter  values  related
to  soil  and  vegetation  class  (root  depth,  root  density,
number  and  thickness  of  soil  layers,  canopy  resistance,
hydrological conductivity, etc.).

Recently, a weekly real-time vegetation parameter data-
base has been generated from the MODIS and Visible In-
frared Imager Radiometer Suite (VIIRS) sensors, and its
impact on coupled and uncoupled land surface modeling
has  been  tested  by Case  et  al.  (2014) and Fang  et  al.
(2018).  However,  for  drought  monitoring  and  anomaly
analysis, using real-time vegetation parameters may lead
to temporal discontinuities. Therefore, for drought monit-
oring and water resources management, a multi-year av-
eraged land cover database is more appropriate, while for
coupled  numerical  weather  and  seasonal  climate  predic-
tion  (in  which  the  LSM  provides  initial  conditions),  a
real-time  land  cover  database  is  more  appropriate.  How
to hybridize various global land cover databases remains
a  pressing  challenge.  More  efforts  along  this  line  are
needed  in  the  future.  For  example,  some  hyper-resolu-
tion  soil  and  vegetation  datasets  need  to  be  developed
over  regional  scales  (about  100  m)  (Wood  et  al.,  2011;
Yuan  et  al.,  2018),  and  some  experiments  have  demon-
strated large improvement in soil moisture, terrestrial wa-
ter  storage,  and  sensible  heat  flux  simulations  (Singh  et
al., 2015).

6.4    Model physical processes and parameters

LSMs  are  used  to  simulate  the  exchange  of  surface
water,  energy,  and  carbon  fluxes  at  the  soil–atmosphere
interface. Table  3 summarizes  the  various  LSMs  gener-
ally  used around the world.  Some LSMs have relatively
simple  representations  of  physical  processes,  which  are
used in an NWP model  for  short-term weather  forecasts
(< 14 days).  Some LSMs can describe moderately com-
plicated physical processes and can be used in numerical
models for S2S (between 15 days and 3 months) predic-
tion.  Some  LSMs  have  very  sophisticated  physical  pro-
cesses  and can  be  used  in  numerical  models  for  climate
prediction  (>  3  months).  Even  with  the  most  complic-
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ated LSMs,  certain  physical  processes  such as  irrigation
and groundwater  pumping  are  still  lacking,  in  particular
for  operational  applications,  although  some  sensitivity
tests have been performed (Leng et al., 2013, 2015; Law-
ston et al.,  2015). The soil physics issues such as frozen
soil  physics,  tiling  soil  texture  varying  from  depth  to
depth,  and  direct  use  of  observed  soil  and  hydrologic
parameters  (conductivity,  fraction  of  sand,  loam,  clay,
etc.) need further investigation.

As model complexity increases, more model paramet-
ers  need  to  be  calibrated  to  produce  reasonable  results.
Theoretically, when both simple and complex LSMs are
calibrated  with  the  same  observations,  the  complicated
LSMs would perform better than the simple ones (Xia et
al.,  2002).  However,  the  complex  models  do  not  neces-
sarily  perform better  than  simple  models  for  the  overall

simulation of energy and water fluxes and state variables
(Best et al., 2015), as some physical processes (e.g., bio-
chemistry)  are  not  associated  with  these  variables  and
unrelated  model  parameters  may  bring  extra  uncertain-
ties and errors. In addition, calibration of model paramet-
ers  may  improve  one  variable  and  degrade  others.  For
example, Troy et al. (2008) calibrated the VIC model us-
ing USGS observed streamflow to obtain model paramet-
ers.  However,  the  calibrated  parameters  improved  the
water  and  energy  cycle  but  degraded  the  soil  moisture
simulation  (Xia  et  al.,  2018).  Therefore,  the  multi-crite-
ria method developed by Gupta et al. (1999) is appropri-
ate for obtaining calibrated model parameters by accom-
modating multiple variables instead. When LSMs lack or
unreasonably  represent  some  physical  processes,  calib-
rated model parameters can compensate for the impact of

Table 3.   LSM suite and its focused timescales and coupled systems (ESL: Earth Research Laboratory, RUC: Rapid Refresh Cycle; NWS: Na-
tional  Weather  Service,  SAC-SMA:  Sacramento  Soil  Moisture  Accounting;  NOAH-MP:  Noah  Multi-physics;  CoLM:  Common  Land  Model;
UW: University  of  Washington  at  Seattle;  VIC:  Variable  Infiltration  Capacity;  TESSEL:  Tiled  ECMWF Scheme for  Surface  Exchanges  over
Land; UKMO: United Kingdom Meteorological Office; JULES: Joint UK Land Environment Simulator; BATS: Biosphere–Atmosphere Trans-
fer Scheme; GFDL: Geophysical Fluid Dynamics Laboratory; LM: Land Model; CLM: Community Land Model; SIB: Simple Biosphere model;
ISBA: Interactions between Soil–Biosphere–Atmosphere; NWP: Numerical Weather Prediction)
LSM name Complexity Physical process Reference Country and website
Weather forecast and NWP
ISBA Simple Energy, water Noilhan and Planton, 1989 France, https://www.umr-

　cnrm.fr/isbadoc/model.html
NCEP/NCAR Noah Simple Energy, water Chen et al., 1997 USA, https://ral.ucar.edu/

　solutions/products/
　unified-noah-lsm

NOAA/ESL RUC Simple Energy, water Smirnova et al., 1997 USA, N/A
NWS SAC-SMA Simple Water Burnash et al., 1973 USA, http://www.nws.noaa.gov/

　ohd/hrl/hsmb/hydrology/
　PBE_SAC-SMA/index.html

Seasonal and S2S prediction
NOAH-MP Medium Energy, water, vegetation

　dynamics, carbon
Niu et al., 2011 USA, https://ral.ucar.edu/

　solutions/products/noah-multi
　parameterization-land-surface-
　model-noah-mp-lsm

China CoLM Medium Energy, water, vegetation
　dynamics, carbon

Dai et al., 2003 China, N/A

NASA Catchment Medium Energy, water Koster et al., 2000 USA, N/A
UW/Princeton VIC Medium Energy, water Liang et al., 1994 USA, http://vic.readthedocs.io/

　en/master/
ECMWF TESSEL Medium Energy, water, vegetation

　dynamics, carbon
van den Hurk et al., 2000 UK, https://confluence.ecmwf.int//

　display/OIFS/3.3+OpenIFS%3A+
　Surface+Model+HTESSEL

UKMO JULES Medium Energy, water, vegetation
　dynamics, carbon

Best et al., 2011; Clark et al.,
　 2011

UK, http://jules.jchmr.org/,
　 http://jules-lsm.github.io/vn4.3/

BATS Medium Energy, water, carbon Dickinson et al., 1993 USA, N/A
Climate change and climate change prediction
NOAA/GFDL LM Complex Energy, water, vegetation

　dynamics, carbon,
　biochemistry

Milly et al., 2014 USA, https://www.gfdl.noaa.gov/
　land-model/

NCAR CLM Complex Energy, water, vegetation
　dynamics, carbon,
　biochemistry

Lawrence et al., 2011 USA, http://www.cesm.ucar.edu/
　models/cesm2/land/

SIB Complex Energy, water, vegetation
　dynamics, carbon,
　phenology

Sellers et al., 1986 USA, http://biocycle.atmos.colostate.
　edu/research/models/sib3/
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missing or misrepresented parameters to improve the res-
ults. It should be noted that such improvements may not
be due to model physics upgrades/improvements. There-
fore, a scientific understanding of land surface processes
and  the  addition/improvement  of  these  processes  are  a
key for LSM development.

6.5    Land data assimilation

LSMs cannot simulate energy and water fluxes accur-
ately,  because  of  forcing  data  errors,  inappropriate  mo-
del structure/parameters, lack of physical processes (e.g.,
irrigation),  and  lack  of  scientific  understanding  of  cer-
tain physical processes. DA becomes a preferred method
to  ingest  in-situ  and  satellite  observations  into  the  LSM
to  enhance  model  output  accuracy.  For  the  NLDAS
project, Kumar  et  al.  (2014) used  an  ensemble  Kalman
smoother to assimilate remotely sensed soil moisture and
snow depth into the Noah LSM. The results showed mar-
ginal improvement over the open-loop configuration. The
Gravity  Recovery  and  Climate  Experiment  (GRACE)
based terrestrial water storage anomaly is assimilated in-
to the NASA catchment model, and the results show mar-
ginal  improvement  in  simulation  of  unconfined  ground-
water  variability  over  eastern  U.S.  and  in  simulation  of
surface  and  root-zone  soil  moisture  across  the  US.  The
land DA challenges include (a) uncertainty in the defini-
tion of  observation operators  due to huge climatological
differences  between  satellite-retrieved  and  model-fore-
cast  surface  states,  (b)  the  complexity  and  diversity  of
modeling  error  sources,  and  (c)  forcing  uncertainty  and
the  characterization  of  background  model  errors. Lahoz
and  Schneider  (2014) summarized  multiple  aspects  of
land DA challenges including data quality, methods, and
LSMs. These challenges hamper land DA greatly, and af-
fect regional and global LDAS development.

6.6    Spatial incompatibility problems

Spatial  scale  mismatch  is  a  critical  issue  for  regional
and  global  LDAS  development.  In-situ  measurements
have  an  extensive  range,  from several  meters  to  several
kilometers,  depending  on  the  measured  variables.  How-
ever,  the LSM-simulated and satellite-retrieved products
have a 10–200-km spatial resolution. Model output eval-
uation, model parameter calibration, and DA greatly suf-
fer  from  such  a  spatial  incompatibility  problem.  Spatial
averaging  is  a  simple  way  to  reduce  the  impact  of  this
problem  and  has  been  used  in  many  validation  projects
for soil moisture (Entin et al., 2000; Robock et al., 2003,
Xia et al., 2015b) and tower fluxes (Robock et al., 2003,
Xia et al., 2015a), in particular, for homogeneous under-
lying  surfaces  (fluxes)  and  soil  texture  (soil  moisture).

Dirmeyer  et  al.  (2006) suggested  that  anomaly  correla-
tion  between  in-situ  measurements  and  simulations  at  a
nearby grid point  is  an appropriate metric,  as the spatial
averaging  has  little  effect.  However,  spatial  averaging
does have a large impact on error verification (Dirmeyer
et al., 2006).

Another reasonable method is to upscale sparse in-situ
tower  fluxes  and  soil  moisture  observations  to  a  coarse
resolution  to  reduce  the  spatial  mismatch  impact.  Many
methods, from a simple area-weighted average to a deep
machine  learning  technique,  have  been  used  to  upscale
in-situ tower measurements to a regional scale (Liu et al.,
2016; Li  et  al.,  2018; Xu  et  al.,  2018),  and  recent  ad-
vances  in  upscaling  tower  eddy  covariance  measure-
ments  are  summarized  by Xiao  et  al.  (2012).  For  LSM-
simulated  and  satellite-retrieved  soil  moisture, Crow  et
al.  (2012) summarized  many  existing  soil  moisture  up-
scaling strategies.  These upscaling methods can be used
to  reduce  the  detrimental  impact  of  spatial  sampling  er-
rors  on  the  reliability  of  these  variables  with  validation
using ground-based observations that are spatially sparse.
Recently,  many  approaches  such  as  random  forests
(Clewley et  al.,  2017),  Bayesian data  fusion (Gao et  al.,
2017), and ridge regression (Kang et al., 2018) have been
used  to  upscale  in-situ  soil  moisture  to  regional  scales.
The upscaled soil moisture data have been used for sup-
porting  regional  and  global  LDAS  development  includ-
ing  LSM  model  validation  and  calibration,  downscaled
satellite retrievals for land DA, and LDAS product evalu-
ation (Qin et al., 2013, 2015). Upscaling strategies have a
great potential for future LDAS development, in particu-
lar  for  reducing  the  impact  of  scale-mismatch  errors  for
DA and evaluation work.

6.7    Future prospects

Along with the wide application of the Land Informa-
tion System (LIS; Kumar et al., 2006) software, which is
developed by NASA scientists, in the LDAS community,
some future regional and global LDASs will be run within
the  LIS  framework.  The  NASA  LIS  software  includes
land data development, a land information system, and a
land data verification toolkit, which provides a very con-
venient way to run LDAS. The software can easily set up
a preprocessor for multiple LSMs including soil, vegeta-
tion,  and orographic parameters,  as  well  as  surface met-
eorological  forcing (e.g.,  downscaling and upscaling).  A
DA procedure (e.g., ensemble Kalman filter or smoother)
and many validation datasets and metrics within the LIS
software  can  be  used  to  evaluate  LDAS  outputs.  This
will  make LDAS more commonly used to reduce work-
loads needed for setting up an LDAS.
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The regional LDAS will be nested in either a hyper- or
high-resolution global LDAS to simplify the system. The
patch-based  global  LDAS,  including  high-resolution  re-
gional  LDASs,  will  be  an  intermediate  solution  in  the
near future where high-resolution meteorological forcing
data  remain  unavailable  in  mountainous  and  remote  re-
gions,  although  there  are  spatial  discontinuities  between
the  boundaries  of  various  regional  LDAS  domains.  As
the  spatial  resolution  of  global  coupled  forecast  and
reanalysis systems become finer and their reanalyzed and
forecast  data,  including  satellite-retrieved  data,  become
more accurate, a more homogeneous global LDAS is ex-
pected  in  the  long  run.  Enhancement  in  the  data  quality
of  forcing,  in-situ  observations,  and  satellite  retrievals
will greatly speed up the development of LDAS. Smaller
forcing  errors  will  directly  reduce  LSMs  output  errors,
and  high-quality  observations  from  in-situ  stations  and
satellites  will  improve  LDAS  products  via  the  land  DA
procedure.

The progress in LSM development, including upgrade
of  land  surface  physical  processes,  addition  of  various
new  physics  (e.g.,  irrigation;  groundwater  pumping;
tiling  soil  texture  and  topography;  urban,  crop,  vegeta-
tion  dynamics;  root  growth;  etc.),  and  regionalized  mo-
del parameter calibration (Xu et al., 2011, 2015; Yang et
al.,  2016; Mizukami et al.,  2017), will also speed up the
LDAS development. A major difference between region-
alized  and  small  watershed  model  parameter  calibration
is  whether  the  spatial  discontinuities  of  model  paramet-
ers are removed. In addition, better scientific understand-
ing  of  model  physical  processes  and  representation  of
nonlinear  relationship  between  variables  and  parameters
will  greatly  help  improve  LSM  simulations  and  finally
improve LDAS products.

Uncertainty estimates for model structure, model para-
meters,  and  forcing  will  greatly  help  in  understanding
how  to  improve  LDAS. Nearing  et  al.  (2016) used  in-
formation theory to investigate uncertainty caused by er-
rors in forcing data, model parameters, and model struc-
ture  within  the  NLDAS  framework.  The  uncertainty  of
simulated soil  moisture mainly comes from model  para-
meter errors, and the uncertainty of simulated ET mainly
comes  from  forcing  errors. Clark  et  al.  (2015a, b)  de-
veloped  a  Structure  of  Unified  Multiple  Modeling  Al-
ternatives (SUMMA) to perform a systematic model ana-
lysis,  which  includes  detecting  reasons  for  inter-model
differences  and  diagnosing  weaknesses  of  individual
models in different hydro-climatic regimes. Such a deep
and systematic  analysis  will  be definitely helpful  for  re-
gional and global LDAS development.

Future uncoupled and weakly coupled LDAS systems

will  be  added  to  the  broader  earth  system  modeling
paradigm  via  the  Joint  Effort  for  Data  Assimilation  In-
tegration  (JEDI; Penny  et  al.,  2017).  Through  many
coupling  tests  and  comprehensive  evaluation  work  in-
cluding land–atmosphere interaction (e.g., energy, water,
and momentum fluxes) and forecast skills, some reason-
able LDAS systems can be chosen to be tested, and even-
tually several optimal systems can be transitioned to op-
erational weather and climate forecast systems in the fu-
ture.  Overall,  satellite  retrievals  or  in-situ  observations
will be truly assimilated into future LDASs.

7.    Discussion

It  should  be  noted that  the  discussion about  true  land
DA  is  simple  in  this  review  as  we  mostly  focus  on  un-
coupled  LDAS  systems  without  a  DA  procedure
(Mitchell et al.,  2004; Rodell et al.,  2004). The DA pro-
cedure  is  only  simply  briefed  because  the  land  DA  ap-
proaches  and  their  applications  to  LSMs  will  be  ad-
dressed  by  another  planned  paper  in  this  special  issue
(Ming  Pan,  Princeton  University,  personal  communica-
tion). There are a variety of other LDASs that have been
developed in the past few decades. For example, the land
DA  systems  used  in  Numerical  Weather  Prediction
(NWP)  of  various  operational  centers  include  the  UK
Met Office’s  NWP system (Dharssi  et  al.,  2011),  ECM-
WF’s  uncoupled  land  reanalysis  (Balsamo  et  al.,  2015),
NASA  Global  Modeling  and  Assimilation  Office’s
SMAP  (Soil  Moisture  Active  Passive)  level  4  system
(Reichle  et  al.,  2017a),  Modern-Era  Retrospective  Ana-
lysis for Research and Applications version 2 (MERRA-
2; Reichle  et  al.,  2017b; Draper  et  al.,  2018),  Meteo-
France’s  uncoupled  land  modeling  system  (Albergel  et
al.,  2010; Mahfouf,  2010),  and  Environment  Canada’s
uncoupled LDAS (Bélair et al., 2003a, b; Balsamo et al.,
2007; Carrera et al.,  2015). Details of these systems can
be found in the references above and are not  covered in
this  study.  Only  ECMWF and NCEP global  LDAS sys-
tems, as representatives of these operational systems, are
discussed in previous sections.

Intercomparison  of  various  LDAS systems  is  import-
ant  to  understanding  of  their  performance  including
strengths  and  weaknesses.  Two  previous  efforts,  the
Project for Intercomparison of Land surface Parameteriz-
ation  Schemes  (PILPS; Henderson-Sellers  et  al.,  1995;
Bowling  et  al.,  2003)  and  Global  Soil  Wetness  Project
(GSWP; Dirmeyer  et  al.,  1999, 2006),  have  been  made
for such an intercomparison during the past 20 years. The
PILPS focuses  on  the  intercomparison  of  various  LSMs
when  the  same  surface  meteorological  forcing  and  soil
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and vegetation parameters are used for many in-situ sites
(e.g., tower sites at various climate zones and vegetation
covers)  on  regional  scales.  The  GSWP,  on  the  other
hand,  focuses  on  the  global  scale.  Following  the  PILPS
and GSWP, the intercomparison concept is used to deve-
lop NLDAS and GLDAS for various applications in both
research and operation.

In this review, intercomparison of various LDAS sys-
tems is a challenge due to the systems’ complexities. The
LDAS systems discussed here use different surface met-
eorological forcings, land surface models, soil and veget-
ation parameters, spatial resolutions, and coupling meth-
ods.  Furthermore,  they  may  cover  different  spatial  do-
mains  and  time  periods  (see Tables  1a, 1b). Mo  et  al.
(2012) investigated  the  impact  of  different  forcing  data
when the same VIC model is used. They found that pre-
cipitation  and  radiation  largely  affected  the  VIC  model
simulations. Mizukami  et  al.  (2016) studied  the  relative
impact  of  different  forcing  data  and  models  and  indic-
ated that the choice of forcing dataset was less important
than  the  choice  of  LSMs  for  the  runoff  simulations.  In
contrast,  for  evapotranspiration  simulation,  forcing  data
errors  have  larger  impact  than  LSM  parameters  and
structures (Nearing et  al.,  2016).  Even though all  condi-
tions are the same, the difference of model versions also
results  in  large  differences  for  water  and  energy  cycle
simulations  (Xia  et  al.,  2018).  Therefore,  the  intercom-
parison among various LDAS systems is  too difficult  to
perform. However, it is acknowledged that such an inter-
comparison  is  valuable  and  needs  to  be  implemented  in
the  near  future  through  national  and  international  com-
munity efforts.

This  review  is  not  intended  for  recommendation  of
better LDAS products for users, as this type of users de-
mand  usually  depends  on  the  application  regions  and
purposes.  In  general,  regional  LDASs  may  have  better
performance  (with  higher  spatial  resolutions)  than  GL-
DASs  for  a  given  region  as  more  local  and  regional  in-
formation  is  incorporated.  The  uncoupled  LDASs  may
have better performance than weakly coupled LDASs as
more observed forcing data are integrated. However, this
may  not  necessarily  hold  in  some  regions,  in  particular
for those with few observations.

It  is  recommended  that  independent  evaluation  and
validation be performed by using in-situ observations for
a  given  small  water  basin  or  region  before  the  LDAS
products  are used.  For the regions without  observations,
a  simple  comparison  of  multiple  datasets  including  the
LDAS,  satellite  retrievals,  reanalysis,  and  NWP  model
products may be needed to decide which LDAS product

will  be used for  decision making.  For some regions,  the
ensemble mean of several products should be used when
an uncertainty estimate is given. Many applications have
been performed along this  line,  which has advanced our
understanding  of  the  performance  of  different  LDASs
(Jiménez  et  al.,  2011; Decker  et  al.,  2012; Chen  et  al.,
2013; Wang  et  al.,  2016; Yang  et  al.,  2017; Bai  et  al.,
2018).

8.    Conclusions

Since  the  setup  of  NLDAS and  GLDAS in  2004,  the
development  of  regional  and global  LDASs has  demon-
strated  significant  progress.  This  study  summarized  the
past  development,  current  status,  challenges,  and  future
prospects of LDASs. The development of LDAS theory,
method,  and  systems  requires  a  better  quantization  of
model and observation errors,  integrating model calibra-
tion  with  data  assimilation  by  optimally  using  available
observation information, improving the surface meteoro-
logical  forcing  (in-situ  observations,  satellite  retrievals,
reanalysis,  etc.),  updating  soil  and  vegetation  parameter
datasets,  advancing  land  surface  processes  (such  as  ve-
getation  and  carbon  dynamics,  interaction  between
groundwater  and  deep  soil,  irrigation,  boundary  flow  in
soil, and ecosystems), development of statistical and dy-
namical downscaling techniques, and so on.

A solid approach is needed to establish research to op-
eration  (R2O)  transition  through  efficient  collaboration
between  academia,  governmental  agencies,  and  private
enterprises.  The  R2O  will  speed  up  the  application  of
LDAS  outputs  by  producing  and  providing  reliable  and
timely  outputs  to  decision  makers  in  government  and
private  sectors.  The  O2R  (operation  to  research)  will
speed  up  the  improvement  and  upgrading  of  LDAS  in
operation and meanwhile leading and facilitating new re-
search in academia and research community. The interac-
tion  between  the  research  and  operation  communities
will  become  an  efficient  way  to  further  development  of
LDAS.  Moreover,  a  pathway  between  operational  cen-
ters and application sectors needs to be established.  The
feedback on the quality and reliability of  LDAS outputs
from  end  users  and  the  public  will  be  a  great  help  to
LDAS developers at universities and institutions. In turn,
the end users will  greatly benefit  from the modeling ap-
proaches and high-quality outputs available from the de-
velopment of regional and global LDAS systems.
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