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ABSTRACT

Soil moisture is an important state variable for land–atmosphere interactions. It is a vital land surface variable for
research on hydrology, agriculture, climate, and drought monitoring. In current study, a soil moisture data assimila-
tion framework has been developed by using the Community Land Model version 4.5 (CLM4.5) and the proper or-
thogonal decomposition (POD)-based ensemble four-dimensional variational assimilation (PODEn4DVar) algorithm.
Assimilation experiments  were conducted at  four  agricultural  sites  in  Pakistan by assimilating in-situ soil  moisture
observations. The results showed that it was a reliable system. To quantify further the feasibility of the data assimila-
tion (DA) system, soil moisture observations from the top four soil-depths (0–5, 5–10, 10–20, and 20–30 cm) were
assimilated. The evaluation results indicated that the DA system improved soil moisture estimation. In addition, up-
dating the soil moisture in the upper soil layers of CLM4.5 could improve soil moisture estimation in deeper soil lay-
ers [layer 7 (L7, 62.0 cm) and layer 8 (L8, 103.8 cm)]. To further evaluate the DA system, observing system simula-
tion  experiments  (OSSEs)  were  designed  for  Pakistan  by  assimilating  daily  observations.  These  idealized  experi-
ments produced statistical results that had higher correlation coefficients, reduced root mean square errors, and lower
biases for assimilation, which showed that the DA system is able to produce and improve soil moisture estimation in
Pakistan.
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1.    Introduction

Soil moisture is an important land surface variable for
climatological,  hydrological,  ecological,  and  biological
studies and plays a central role in land–atmosphere inter-
actions. Koster  et  al.  (2004) reported  that  the  soil  mois-
ture anomalies exert significant impacts on regional pre-
cipitation, after undertaking elaborately designed numer-
ical  experiments.  The  land  receives  about  65%  of  the
precipitation  derived  from evaporation  over  land,  which
is strongly linked to soil moisture (Chahine, 1992).

Accurate  and  precise  information  of  soil  moisture  at
both  the  spatial  and  temporal  scales  is  vitally  important
when  attempting  to  improve  weather  forecasts,  climatic
studies,  and  drought  monitoring  (Dai  et  al.,  2004).
However, the low number of soil moisture field measure-
ments  over  land  is  a  big  barrier  in  acquiring  the  soil
moisture  knowledge  on  broad  scales  (Robock  et  al.,
2000; Robinson et al., 2008; Crow et al., 2012; Zreda et
al., 2012). To improve the soil moisture information, sev-
eral efforts have been made no assimilating soil moisture
observational  data,  e.g.,  the  North  America  Land  Data
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Assimilation System (NLDAS; Mitchell et al., 2004), the
Global  Land  Data  Assimilation  System  (GLDAS;
http://ldas.gsfc.nasa.gov),  the  Global  Soil  Wetness
Project  (http://grads.iges.org/gswp/)  (Dirmeyer  et  al.,
1999), and others (Qian et al., 2006; Sheffield and Wood,
2008).

Currently,  routine and field observations,  satellite  ob-
servations,  and  hydrological  modeling  are  the  main
sources  used  to  acquire  soil  moisture  information.  Soil
moisture  information  collected  through  field  observa-
tions  is  of  low  temporal  frequency  and  has  few  spatial
points.  As  this  information  is  point-based  and  thus  can-
not show the soil moisture spatial variations. These field
and routinely observed soil moisture data have a great in-
fluence on the  plant  development,  chemical  activities  of
fertilizers,  and  the  generation  of  runoff  and  erosion.
Therefore,  it  has  significant  impacts  on  the  agricultural
and  environmental  systems.  The  hydrological  modeling
is the other important source and the soil moisture simu-
lations generated by hydrological models have good tem-
poral frequency and spatial distributions, though the pre-
cision of the simulations is  strongly linked to input  data
and model  structure.  Land data assimilation can provide
a reasonable solution to all  these issues. It  is a technical
method  that  incorporates  the  physical  process  data  pro-
duced by the land surface models (Houser et al., 1998).

Recently, there has been progress on assimilation tech-
niques,  algorithm,  and  their  applications  in  many  fields
such  as  land,  marine,  and  atmospheric  studies  (Tian  et
al.,  2011; Zhang  et  al.,  2012). Tian  et  al.  (2011) pro-
posed a hybrid assimilation technique known as “proper
orthogonal  decomposition  (POD)-based  ensemble  four-
dimensional  variational  assimilation  (PODEn4DVar)
method.”  This  assimilation  algorithm contains  the  bene-
fits of both variational and ensemble techniques and per-
forms better than both 4DVar and EnKF (ensemble Kal-
man  filter)  methods  under  perfect  and  imperfect  model
cases.  The computational  cost  is  less  when compared to
the EnKF, and therefore, it can be reliably integrated in-
to land data assimilation studies.

Land  surface  models  play  a  fundamental  role  in  land
data  assimilation.  The  Community  Land  Model  (CLM;
Oleson et al., 2004, 2010) is the land module of the Com-
munity  Earth  System  Model  (CESM; Hurrell  et  al.,
2013).  Even  with  the  scientific  improvements  in  CLM,
some  studies  have  shown  that  when  simulating  the  hy-
drological state variables,  CLM4.0 is biased towards es-
timating  soil  moisture  at  the  global  and  regional  scales
(Long  et  al.,  2013; Cai  et  al.,  2014).  In  another  study,
CLM4.5  is  used  to  assimilate  the  AMSR_E  (Advanced
Microwave  Scanning  Radiometer-Earth  Observing  Sys-

tem) soil  moisture data and overestimation has been ob-
served  in  soil  moisture  simulation  at  most  parts  of  the
study  area  (Liu  and  Mishra,  2017).  The  earlier  versions
of CLM have been used in land DA studies for improve-
ment  of  soil  moisture  estimation.  For  example,  CLM2.0
has been used as forecast operator in land DA studies to
improve  estimation  of  soil  moisture  by  assimilating in-
situ soil  moisture  data  (De  Lannoy  et  al.,  2007; Tian  et
al., 2008a; Kumar et al., 2009; Zhang et al., 2012). Shi et
al.  (2011) incorporated  CLM3.0  as  a  forecast  model  in
the  DA framework  and  assimilated  satellite  data  for  the
simulation  of  soil  moisture.  In  another  study, Sun  et  al.
(2015) employed  CLM3.5  to  assimilate  the  GRACE
(Gravity  Recovery  and  Climate  Experiment)  data  using
the PODEn4DVar assimilation technique.

The  aim of  this  study  is  to  build  an  assimilation  sys-
tem using  CLM4.5  with  the  PODEn4DVar  algorithm to
generate  the  improved  and  more  accurate  soil  moisture
estimation for Pakistan region as a case study. Pakistan is
now  ranked  among  the  top  few  in  the  list  of  environ-
mentally vulnerable countries, and faces considerable hu-
man  challenges  because  soil  moisture  changes  have  im-
plications  for  health,  agriculture,  ecology,  and  water  re-
sources under climate change. In such a crucial scenario,
reliable  and  more  accurate  information  on  atmospheric
and hydrological parameters is needed so that more com-
prehensive  research  on  weather  and  climate  prediction,
and  hydrological  and  agricultural  studies  for  the  region
can  be  undertaken.  In  this  study,  a  new  DA  system  is
used  to  obtain  preliminary  analysis  and  evaluation  res-
ults  for  farmlands  across  Pakistan  through  the  assimila-
tion of in-situ soil moisture observations. The evaluation
experiments  were  conducted  at  four  agricultural  sites,
which  are  representative  of  various  agro-climatic  zones
in Pakistan. The DA system has been verified under dif-
ferent  hydrological  conditions.  The  second  goal  of  this
study  is  to  see  what  effects  are  on  deeper  soil  moisture
prediction when soil moisture is assimilated into the up-
per soil layers.

2.    Land data assimilation system for Pakistan

A  land  data  assimilation  system  consists  of  forecast
model,  assimilation algorithm, and observation operator.
In current study, PODEn4DVar was selected as assimila-
tion algorithm whereas CLM4.5 was used as forecasting
model.

2.1    Land Surface Model CLM4.5

The  CLM4.5,  a  global  land  surface  model,  is  de-
veloped  by  the  NCAR,  and  is  attached  with  the  Com-
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munity Earth System Model version 1.2 (CESM1.2) as a
land module.  It  contains  several  modifications  over  pre-
vious versions such as improved parameterizations to re-
duce  biases  in  soil  carbon,  revised  photosynthesis,  and
canopy radiation schemes (Oleson et al., 2013).

In  CLM4.5,  land  surface  follows  the  subgrid  hier-
archy,  in  which  each  grid  cell  consist  of  land  units,
columns,  and  plant  functional  types  (PFTs).  Grid  cells
may  contain  different  numbers  of  land  units,  e.g.,  lake,
glacier,  vegetated,  and  urban.  The  vegetated  land  units
contain several columns, and each column has 15 layers
for soil and 5 layers for snow, depending upon the snow
depth.  The  soil  moisture  is  calculated  within  top  10  hy-
drologically activated layers.

The volumetric soil  moisture content (θ)  is  calculated
by the following equation

∂θ

∂t
= −∂q
∂z
−E−Rfm, (1)

where E is the evaporation rate, q is the vertical soil wa-
ter flux, Rfm is the melting or freezing point, and z is the
vertical distance from surface.

2.2    The POD-based ensemble four-dimensional
variational assimilation method (PODEn4DVar)

Tian  et  al.  (2008b) suggested  a  hybrid  assimilation
method  using  ensemble  and  POD  techniques  in  which
the  adjoint  model  is  not  needed. Tian et  al.  (2011) used
this  technique  to  develop  the  PODEn4DVar  method,
which  combined  the  benefits  of  the  both  ensemble  and
variational approaches. In this method, the analysis field
can be obtained by minimizing the following cost function:
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where B and R represent  the  background  and  observa-
tion  error  covariance  matrices,  the  superscript  T  indic-
ates  the  transpose  of  matrix,  and  shows  the
perturbation of the background vector xb at t0.
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y′obs y′where  indicates  the  observation  increment  and 

represents  the  simulation  of  the  observation  increments
by the forecasting model M and observation operator H.
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The model perturbation (MP) matrix is then defined as
,  and  the  observation  perturbation

(OP) matrix is . The POD transforma-
tion is applied to the OP matrix, which ensures the ortho-
gonality  of  the  transformed  OP  samples ϕy.  Orthogonal
MP  samples ϕx are  also  obtained  by  applying  the  same
POD transformation to MP matrix. The optimal solution

 is calculated by using weighted mean of MP samples.

x′a = ϕx,rβ, (8)

β = (β1,β2, · · · ,βr) Twhere . Its corresponding optimal OPs
are determined by
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The control variable of cost function is transferred to β

after substituting  and  into the cost function.
The background error covariance matrix B is obtained

as in the EnKF (Evensen, 2004):

B =
ϕx,rϕ

T
x,r

r−1
. (10)

Equations  (8)  and  (10)  are  then  substituted  into  Eq.
(2). By solving the optimal problem, the incremental ana-
lysis can be attained,

ϕ̃y,r =
[
(r−1) Ir×r +ϕ

T
y,r R−1ϕy,r

]−1
ϕT

y,r R−1, (11)

x′a = ϕx,rϕ̃y,r y′obs. (12)

The final analysis xa is expressed as follows

xa = xb+ x′a = x′+ϕx,rϕ̃y,r y′obs. (13)

2.3    Soil moisture data assimilation system for Pakistan

The  soil  moisture  data  assimilation  system  for
Pakistan consists of the land surface model CLM4.5, the
assimilation  algorithm  PODEn4DVar,  and  the  observa-
tion operator.  The observation operator (H) is needed to
create  a  relationship  between  observations  and  the  fore-
cast  model  CLM4.5  simulated  state  variables.  In  this
study,  the  observation  operator  is  simply  a  real  matrix,
which is used to link simulated soil moisture to observed
soil moisture. The observation operator is expressed as

H =
∑n

i=1 wiyi∑n
i=1 wi

, (14)
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where n indicates the dimension of model state vector, wi
is  the  weight  calculated  from  the  distance  between  two
points (x, xi), and yi is the function value at point xi.

This data assimilation system consists of two steps: (1)
forecasting and (2) updating the state variable soil mois-
ture.  The  daily  simulated  hydrogeological  variables  are
firstly obtained by running the CLM4.5 in the current as-
similation  window  and  then  the  updating  procedure  for
the  state  variables  according  to  PODEn4DVar  assimila-
tion method. The updating process for state variables in-
cludes the following steps (Fig. 1):

(i) Read the CLM4.5 daily simulation outputs and his-
torical  simulation  results  to  obtain  sample  matrix  and
then construct the background field vector.

(ii) Construct the MP and OP matrices.
(iii)  Generate  OP  samples ϕy and  MP  samples ϕx by

applying  the  POD  transformation  to  the  OP  and  MP
matrices, respectively.

x′a(iv)  Calculate  the  optimal  assimilation  increment 
and the analysis field xa as described in the assimilation
method.

(vi) Update the initialization file of CLM4.5 using the
analysis  field xa,  apply  this  updated  initialization  file  to
run CLM4.5 to obtain a forecast for the next assimilation
window, and repeat the same steps for updating the state
variables.

3.    Evaluation experiments

3.1    Data description

In this study, we used atmospheric forcing data to run

land  model  CLM4.5  and in-situ soil  moisture  informa-
tion  for  the  preliminary  analysis  and  evaluation  of  the
DA  system  for  Pakistan.  CRUNCEP  (Climate  Research
Unit–National  Centers  for  Environmental  Prediction)
version 4, with spatial resolution of 0.5° × 0.5°, is a 110-
yr (1900–2010) dataset, which is the standard atmospheric
forcing data provided with CLM4.5 and is used to derive
model  in  the  offline  mode.  This  dataset  is  generated  by
combining  two  datasets:  (1)  the  6-h  NCEP  reanalysis
data  with  resolution  of  2.5°  (1948–2010)  and  (2)  the
monthly CRU TS3.2 (time series) data with 0.5° resolu-
tion  (1901–2002)  (Mitchell  and  Jones,  2005)  (more  de-
tails  on  the  CRUNCEP  dataset  are  accessible  at
http://www.cesm.ucar.edu/models/cesm1.2/clm/clm_for-
cingdata_esg.html). This dataset has been used widely to
derive CLM in studies on plant  and vegetation develop-
ment,  and  evapotranspiration  (Mao  et  al.,  2012, 2013;
Shi  et  al.,  2013),  and  in  the  TRENDY  (trends  in  net
land–atmosphere  carbon  exchange  over  the  period
1980–2010) project (Piao et al., 2012).

Pakistan Meteorological  Department  (PMD) provided
the  soil  moisture  observational  data  for  this  study.  The
available soil  moisture data from PMD was relative soil
moisture collected three times in a month, i.e., 7th, 17th,
and  27th,  at  the  meteorological  stations  situated  in  the
agricultural fields across Pakistan. The collected relative
soil  moisture  contents  were  then  changed  to  volumetric
water contents (multiply relative soil moisture contents to
soil bulk density and divide it by water density) and used
for assimilation and DA system evaluation.

The four  selected agro-meteorological  data  sites  were
considered to be representative of different agro-climatic
zones in Pakistan. They ranged from arid to humid zones
(Chaudhry and Rasul, 2004). The localities of these data
sites  are  presented  in Fig.  2.  Rawalpindi  (RWP)  agro-
meteorological  station  is  situated  at  the  northern  side  of
the  Potohar  Plateau.  It  represents  rain  fed  plains  with  a
sub-humid  agro-climate.  The  major  crops  grown  in  this
region  are  wheat,  groundnut,  and  fodder.  Faisalabad
(FSD)  site  represents  the  irrigated  plains  of  central  and
southern Punjab and is in the dry semi-arid agro-climatic
zone.  Due  to  well  managed  canal  system,  it  is  a  highly
productive  zone  where  wheat,  rice,  sugarcane,  and  cot-
ton  are  the  major  crops.  Quetta  (QTA)  is  a  high  eleva-
tion agricultural  rain fed site  and has arid climatic  char-
acteristics. Wheat is the major crop in this zone. Aridity
and  low  rainfall  are  the  major  causes  of  crop  failure  in
this  climatic  zone.  Tandojam (TND) represents  irrigated
arid  agro-climatic  plains.  It  has  a  well-organized  irriga-
tion  system,  and  wheat,  cotton,  and  rice  are  the  major
crops in this region.

N = 1

N = N + 1

No
Run CLM4.5

Samples and
background fields

Compute
observational/model

perturbations

Over ?

Stop

Yes

Compute POD modes Obtain analysis
increment

Update background
fields

Update initialization
file

 
Fig. 1.   Flow chart of data assimilation system.
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3.2    Experimental design

3.2.1    In-situ soil moisture assimilation
The  assimilation  experiments  were  conducted  at  the

four  available  soil  moisture  sites  in  Pakistan  to  evaluate
the performance of the DA system based on CLM4.5 and
PODEn4DVar.  For  reasonable  initial  conditions,  a  100-
yr  simulation  of  CLM4.5  was  run  at  every  data  site  us-
ing CRUNCEP atmospheric forcing data. The outputs of
the  spin-up  simulation  were  choose  as  the  initial  condi-
tions  for  all  types  of  assimilation  experiments.  The  spa-
tial resolution of the model was set to be 0.1° × 0.1° for
all in-situ soil moisture data assimilation experiments. In
all  assimilation  experiments,  the  historical  sampling
scheme (Wang et  al.,  2010)  was  used  and  the  ensemble
size was fixed to be 50 members. Another 50-yr simula-
tion  of  CLM4.5  was  run  by  using  the  spin-up  results
from the 100-yr simulations as initial conditions.

In  current  study,  the in-situ soil  moisture  information
from four soil-depths (0–5, 5–10, 10–20, and 20–30 cm)
for  2006  were  assimilated  and  the  corresponding  layers
of CLM4.5 for these soil-depths are described in Table 1.
To check the performance of the DA system, alternative
soil moisture observations were assimilated, and non-as-
similated observations were also considered to assess the
DA system.

The effects  of  assimilating  soil  moisture  observations
at  these  four  upper  soil-depths  on  deeper  soil-depths
moisture  simulations  (30–40,  40–50,  50–70,  and  70–
90  cm)  by  CLM4.5  were  also  investigated. Table  2
shows  the  deep  soil  layers  information.  It  should  be
noted that both the 40- and 50-cm soil-depths exist within
a single layer of CLM4.5, but observed soil moisture data
was  available  for  these  depths.  Therefore,  this  informa-
tion was used to evaluate the 40- and 50-cm soil-depths
as well as the 70- and 90-cm soil-depths.

3.2.2    Observing system simulation experiments
(OSSEs)

Observing  system  simulation  experiments  (OSSEs)
are considered as  one of  the best  options for  the assess-
ment and evaluation of a DA system because it produces
both  the  “observations”  and  “true”  states.  In  this  study,
OSSEs were conducted for Pakistan. The 100-yr spin-up
simulation  of  CLM4.5  with  1  degree  horizontal  resolu-
tion  was  run  by  using  CRUNCEP  data  to  acquire  the
suitable initial conditions for the DA experiments. Daily
simulations of CLM4.5 for 2004 using CRUNCEP atmo-
spheric  forcing  data  were  treated  as  the  “true”  fields  in
this experiment. The daily averaged soil moisture values
calculated by adding errors to the “true” fields were used
as the “observations” for the assimilation. Both the simu-
lation  (without  DA)  and  assimilation  experiments  were
driven by Qian atmospheric forcing data for 2004 (Qian
et al.,  2006). In OSSEs, the ensemble size and sampling
strategy  were  kept  the  same  as  those  used  in  the in-situ
soil  moisture  assimilation  experiments.  In  these  experi-
ments,  assimilation  was  carried  out  for  all  10  layers  of
the land model whereas for in-situ soil moisture assimila-
tion experiments, only 4 layers of CLM4.5 were used for
assimilation.

3.3    Results and discussion

3.3.1    In-situ soil moisture assimilation results
3.3.1.1 Assimilation  and  evaluation  results  for  the  top

layers
The  preliminary  results  of  the  DA system for  the  top

layers assimilation are described in Fig. 3. The black dots
in Fig.  3 indicate  the  observations  used  for  the  evalu-
ation, whereas the green dots are the assimilated observa-
tions. Figures  3a, 3b, 3c,  and 3d show  the  assimilation
results for the 0–5-cm soil layer whereas Figs. 3e, f, g, h
are for the 20–30-cm soil layer at the experimental sites.

35N

30N

25N

60E

0 870 1740

65E 70E 75E 80E

km

Legend
Soil moisture site
Pakistan bounadary

Rawalpindi

Faisalabad

Quetta

Tandojam

 
Fig. 2.   Location map of the study sites in Pakistan.

 

Table 1.   Assimilating soil depths and the corresponding CLM4.5 lay-
ers
In-situ soil depth (cm) CLM4.5 layer (cm)
5 L3 (~6.2)
10 L4 (~11.9)
20 L5 (~21.2)
30 L6 (~36.6)

 

Table  2.   Evaluating  soil  depths  and  the  corresponding  layers  of
CLM4.5
In-situ soil depth (cm) CLM4.5 layer (cm)
40 L7 (~62.0)
50 L7 (~62.0)
70 L8 (~103.8)
90 L8 (~103.8)
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The  assimilation  results  for  soil-depths  5–10  and  10-20
cm are not shown because they produced similar results.

Figure 3 also shows the time series of assimilation and
CLM4.5  simulation  (without  soil  moisture  assimilation)
for  2006.  It  is  important  to  remind  that  alternative  soil
moisture  observations  are  assimilated and the remaining
observations are used for the evaluation of DA system. It
is  observed  that  the  assimilation  time  series  for  all  sta-
tions at both soil depths (5 and 30 cm) is much closer to
black dots, which are the soil moisture observations used
for evaluation other than the simulation. The closeness of
assimilation line to black dots clearly shows that the as-
similation improved the estimation of soil moisture.

The  statistical  indices  for  all  the  sites  clearly  showed
that  assimilation  has  significant  improvement  in  soil
moisture  estimation  with  higher  correlation  coefficients,

smaller  RMSE,  and  lower  BIAS  (Fig.  4).  The  FSD and
RWP  sites  at  two  soil  layers  (0–5  and  5–10  cm)  with
negative BIAS (Figs. 4i, k) showing the underestimation
whereas the other two stations (Figs. 4j, l) overestimated
the soil moisture estimation with respect to observations.
Overall the simulations showed the overestimation in soil
moisture with higher biases at all stations and at maximum
number of soil-depths than the assimilation run (Figs. 4i,
j, k, l).  This  overestimation  in  soil  moisture  for  simula-
tion run is  consistent  with the previous studies  (Long et
al., 2013; Cai et al., 2014). However, this overestimation
of soil moisture was reduced by DA, which decreased the
RMSE (Figs. 4e, f, g, h) and produced higher correlation
coefficients  (Figs.  4a, b, c, d).  At  the  QTA  site,  which
was  a  rain  fed  and  high  elevation  agricultural  field  site,
soil  moisture  data  were  only  collected  during  the  wheat
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Fig. 3.   Assimilation of in-situ soil moisture observations for two soil layers (0–5 and 20–30 cm) at different sites. Red line: simulated soil mois-
ture (without DA); blue line: assimilation; green dot: assimilated observed soil moisture; and black dot: observed soil moisture value for evalu-
ation.
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season because wheat was the major crop. The soil mois-
ture data for two wheat seasons for 2006 and 2007 were
used for the assimilation (Figs. 3d, h).

Thus,  the  statistical  analysis  indicated  that  soil  mois-
ture  estimation  improved  (Fig.4)  when  the in-situ soil
moisture  data  were  assimilated  at  four  top  soil  layers
(0–5,  5–10,  10–20,  and 20–30 cm) and the performance
of DA system was reasonable.
3.3.1.2 Effects of assimilation on the deep layers 

Another  aim of  this  study  is  to  explore  the  effects  of
the top soil layers soil moisture assimilation on the deep-
er  soil  layer  soil  moisture  estimates.  The  soil  layer  in-
formation is shown in Table 2. Figure 5 shows the assim-
ilation  effects  at  soil  depths  (40–50  and  50–70  cm),  re-
spectively,  for  all  the  experimental  sites.  The results  for
soil  depths  (30–40  and  70–90  cm)  are  not  shown  be-
cause  of  similar  results.  Soil  moisture  observations  for
QTA  were  not  available  for  soil  layer  (70–90  cm),  and
therefore, the results at QTA_90CM are missing for eval-
uation.

Figure  5 shows  that  the  assimilation  time  series  is
closer  to  the  observations  than  the  simulation  (without

DA),  which  suggests  that  soil  moisture  estimations  for
the deeper soil layers have improved, even when there is
no assimilation of soil moisture done in these soil layers
of  the  model. Figure  4 also  represents  the  statistical  in-
dices  for  the  deeper  soil  layers  (30–40,  40–50,  50–70,
and  70–90  cm).  It  is  observed  that  the  simulation  had  a
lower  correlation  coefficient  and  higher  RMSE as  com-
pared to the assimilation for all  the deeper soil  layers at
all  the  experimental  sites,  meaning  that  assimilation  has
improvement  in  soil  moisture  estimation  at  deeper  soil
layers  (Figs.  4a, b, c, d).  Higher  biases  for  simulation
were also recorded for the deeper soil layers than the top
soil  layers,  except  for  RWP  where  the  bias  difference
was smaller at  the deeper soil  layers than the other sites
(Figs. 4i, j, k, l). These higher biases might be due to sys-
tematic  biases  of  CLM  (Long  et  al.,  2013; Cai  et  al.,
2014). Overall, the statistical analysis with higher correl-
ation coefficient, less RMSE and BIAS showing that the
assimilation in the top soil layers improved the soil mois-
ture  estimates  in  the  deeper  soil  layers  as  well,  which
means  that  the  DA  system  can  be  reliably  used  for  soil
moisture assimilation.
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Fig. 4.   Statistical analysis (R, RMSE, and BIAS) of simulated (without DA) and assimilated soil moisture against in-situ observations for differ-
ent soil layers at different sites in Pakistan.
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3.3.1.3 Soil temperature and surface heat fluxes 
Figure  6 shows  the  differences  in  soil  temperature

between the simulated (without DA) and assimilated val-
ues produced by CLM4.5 for the top four soil layers. The
difference is obtained from the simulated minus assimil-
ated values for daily soil temperature. However, the dif-
ference  was  only  calculated  for  the  assimilation  days  at
the  four  experimental  sites.  The  magnitude  of  the  soil
temperature  difference  varies  from site  to  site  and  layer
to  layer.  The  maximum  temperature  difference  (14  K)
was  observed  at  QTA  whereas  the  minimum  difference
was  0.9  K  at  the  FSD  station.  These  variations  in  soil
temperature were substantial, which indicated that assim-
ilation  of  soil  moisture  observations  in  CLM4.5  pro-
duced different results for soil temperature as well.

The  soil  moisture  difference  can  change  the  simula-
tion of surface latent flux, whereas the sensible heat flux
may show adverse performance because of the change in
soil temperature (Tian et al., 2008a). Figure 7 shows the
simulated  minus  assimilated  differences  in  latent  heat
and sensible  heat  fluxes at  the different  sites.  The latent
heat  flux  difference  varies  from  –21.5  to  152.5  W  m–2

among the experimental stations, whereas –0.04 to 115.5
W m–2 for the sensible heat flux difference. These higher

differences in surface heat fluxes could produce striking
impacts on the land–atmosphere interaction at all the sta-
tions.
3.3.2    Observing system simulation experiments

(OSSEs)
Figure  8 shows  the  results  of  OSSEs,  carried  out  for

Pakistan. In these experiments, daily soil moisture obser-
vations were assimilated only for the rainy season, which
is  from  June–August  (JJA)  in  Pakistan  to  evaluate  the
DA system. The constant error of 0.012 was added to the
“true” fields to generate the daily soil moisture observa-
tions  and  these  artificial  observations  were  assimilated
into the system. Figure 8 shows the evaluation results of
daily  assimilation  for  only  four  soil  layers  whereas  as-
similation was carried out for all the soil layers of CLM.
The results for the other soil layers are not shown. Daily
assimilation  produced  significantly  good  performance
during the rainy season (JJA).

From Fig. 8, it is clear that the assimilation time series
is  more  consistent  and  closer  to  observation  and  “true”
time series than the simulation for the whole time period
of experiment, which clearly indicates that there is an im-
provement in soil moisture estimation. Table 3 shows the
statistical analysis for the daily OSSEs. The results with
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Fig. 4.   (Continued).
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higher correlation coefficient and lower RMSE values for
assimilation  suggest  that  the  DA  system  has  improved
the  estimation  of  daily  soil  moisture.  The  simulation
overestimates soil moisture, which is similar to previous
results (Long et al., 2013; Cai et al., 2014), and this over-
estimation  is  reduced  in  all  soil  layers  by  assimilation.
Overall,  the  OSSE  results  show  that  the  data  assimila-
tion  system  can  reliably  estimate  soil  moisture  in
Pakistan.

4.    Conclusions

In  current  study,  a  general  framework  for  soil  mois-
ture  data  assimilation  (DA)  has  been  developed  for
Pakistan. In this soil moisture DA system, PODEn4DVar
was  used  as  the  assimilation  algorithm  whereas  the
CLM4.5 was selected as the forecasting operator. For the

performance  evaluation  of  the  DA  system,  preliminary
analysis  and  evaluation  experiments  were  conducted  at
four agricultural  sites from different agro-climatic zones
across Pakistan, and the in-situ information of soil mois-
ture  were  assimilated.  The  alternative  soil  moisture  ob-
servations for four top soil-depths, i.e., 0–5, 5–10, 10–20,
and  20–30  cm,  were  assimilated  in  CLM4.5  for  evalu-
ation.  The  correlation  coefficients,  RMSEs,  and  BIASs
after assimilation significantly improved for the top four
soil layers. The results indicated that the DA system can
produce more accurate and precise soil moisture estima-
tions.

The  effects  of  top  layers  soil  moisture  assimilation
over  lower  soil-depths,  i.e.,  30–40,  40–50,  50–70,  and
70–90 cm, were also investigated. The statistical indices
(R,  RMSE,  and  BIAS)  improved  at  all  sites  and  for  all
soil  depths.  These  results  are  a  clear  indication  that  as-
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Fig. 5.   Effects of assimilation on two soil layers (40–50 and 50–70 cm) at different sites. Red line: simulated soil moisture (without DA); blue
line: assimilation; and black dot: observed soil moisture.
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similation  in  the  top  soil  layers  can  also  improve
CLM4.5  soil  moisture  estimations  in  deeper  soil  layers.
Thus,  the  evaluation  results  show  that  the  DA  system
based  on  PODEn4DVar  and  CLM4.5  can  improve  soil

moisture  simulation.  For  further  assessment  of  the  soil
moisture DA system, we conducted OSSEs for Pakistan.
However,  these  experiments  were  only  undertaken  in
only the rainy season (JJA). To validate the performance
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Fig. 6.   Differences between simulated (without DA) and assimilated daily soil temperatures in the top four soil layers of CLM4.5 at four differ-
ent experimental sites.
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Fig. 7.   Differences between simulated (without DA) and assimilated daily surface latent and sensible heat fluxes at four experimental sites.
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of  the  DA  system,  daily  soil  moisture  information  was
used  for  assimilation.  The  evaluation  results  from  the
OSSEs clearly showed that assimilation can improve soil
moisture estimation.

In this study, the evaluation experiments were conduc-
ted  at  only  four  stations  in  Pakistan  by  assimilating  the
in-situ soil  moisture  data  because  of  sparse  data.
However,  this  soil  moisture DA system still  needs more
detailed  and  comprehensive  validation  after  more  soil
moisture  information  is  obtained  in  Pakistan.  The  find-
ings from these small-scale assimilation experiments and
the  OSSEs  showed that  the  biases  exist  in  the  CLM4.5.
The current results indicated that the DA system has the
potential to improve land surface conditions in Pakistan,
which  may  improve  weather  and  climate  studies  in
Pakistan. Our further studies will emphasize the parameter
estimation,  address  the  biasness  in  other  state  variables,
and calibrate the land surface model CLM4.5 before data
assimilation.
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Fig. 8.   Time series for the soil moisture observations, true fields, assimilation, and simulation (without DA) for the (a) 1st, (b) 3rd, (c) 6th, and
(d) 8th soil layers of CLM4.5 for Pakistan.
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