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Abstract

Several weather forecasting agencies have developed advanced land data assimila-
tion systems that, in principle, can analyse any model land variable. Such systems
can make use of a wide variety of observation types, such as screen level (2 m above
the surface) observations and satellite based measurements of surface soil moisture5

and skin temperature. Indirect measurements can be used and information propagated
from the surface into the deeper soil layers. A key component of the system is the calcu-
lation of the linearised observation operator matrix (Jacobian matrix) which describes
the link between the observations and the land surface model variables. The elements
of the Jacobian matrix (Jacobians) are estimated using finite difference by performing10

short model forecasts with perturbed initial conditions. The calculated Jacobians show
that there can be strong coupling between the screen level and the soil. The coupling
between the screen level and surface soil moisture is found to be due to a number
of processes including bare soil evaporation, soil thermal conductivity as well as tran-
spiration by plants. Therefore, there is significant coupling both during the day and at15

night. The coupling between the screen level and root-zone soil moisture is primarily
through transpiration by plants. Therefore the coupling is only significant during the day
and the vertical variation of the coupling is modulated by the vegetation root depths.
The calculated Jacobians that link screen level temperature to model soil temperature
are found to be largest for the topmost model soil layer and become very small for the20

lower soil layers. These values are largest during the night and generally positive in
value. It is found that the Jacobians that link observations of surface soil moisture to
model soil moisture are strongly affected by the soil hydraulic conductivity. Generally,
for the Joint UK Land Environment Simulator (JULES) land surface model, the coupling
between the surface and root zone soil moisture is weak. Finally, the Jacobians linking25

observations of skin temperature to model soil temperature and moisture are calcu-
lated. These Jacobians are found to have a similar spatial pattern to the Jacobians for
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observations of screen level temperature. Analysis is also performed of the sensitivity
of the calculated Jacobians to the magnitude of the perturbations used.

1 Introduction

Many observational and modelling studies suggest strong coupling between the atmo-
sphere and the land surface. The land surface states such as soil moisture, temperature5

and snow play an important role in land-atmosphere coupling. The very high albedo of
snow, as well as the water storage and insulation properties means that snow can have
a significant impact on numerical weather prediction (NWP) and seasonal forecasting.
Soil moisture and temperature have a significant impact on screen level temperature
and humidity, low clouds and precipitation, by influencing the exchange of heat and10

moisture between the land surface and the atmosphere (Schneider et al., 2014; Walker
and Rowntree, 1977; Timbal et al., 2002). Soil moisture is important for the prediction
of summer-time precipitation at mid-latitudes over land and plays an important role in
the development of convective storms (Findell and Eltahir, 1997). The land surface is
also very important for the seasonal prediction of extreme events such as heat waves15

and drought (Weisheimer et al., 2011).
Data assimilation (DA) is extremely important for NWP since errors in the model

initial conditions can grow rapidly and seriously degrade forecasts. The initial land sur-
face state can have a significant impact on forecasts of screen level temperature and
humidity as well as forecasts of precipitation. Specifying the model initial soil moisture20

and temperature state is especially difficult since there are few near real-time ground
based observations of soil moisture and temperature. Therefore, indirect observations
are usually used by land surface DA schemes to initialise the model soil moisture and
temperature (Dharssi et al., 2011; de Rosnay et al., 2012). The true information content
of soil moisture data is in the relative values (such as temporal variations or percent25

of saturation) and not in the absolute magnitudes (Brocca et al., 2014). Consequently,
model soil moisture is highly model specific. For example, Koster et al. (2009) show
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that direct transfer of soil moisture values from one land surface model to a different
land surface model is inappropriate and likely to lead to problems. Therefore, any land
surface DA scheme must be consistent with the land surface model used by the NWP
system. Inconsistencies in the analysed land surface fields could introduce spurious,
long lived shocks to the NWP system and degrade forecasts.5

To make fuller use of the available global remotely sensed measurements of the land
surface as well as screen level observations an Extended Kalman Filter (EKF) based
land surface data assimilation system has been developed in collaboration between the
Bureau of Meteorology (Bureau) and the Met Office (Dharssi et al., 2012). Such EKF
land DA systems can make more statistically optimal use of a wide variety of obser-10

vation types, such as screen level observations and satellite based estimates such as
retrieved Surface Soil Moisture, retrieved skin temperature, Leaf Area Index (LAI) and
Fraction of Photosynthetically Active Radiation. Indirect measurements can be used
and information propagated from the surface into the deeper soil layers. For example
an EKF based land DA system may: (a) use observations of screen level temperature15

and humidity to analyse soil temperature and moisture. (b) Use satellite estimates of
surface soil moisture to analyse surface and root-zone soil moisture. (c) Use satellite
estimates of skin temperature to analyse soil temperature and moisture. (d) Assimilate
satellite estimates of LAI (Rudiger et al., 2010).

2 Land surface analysis20

A number of new space-borne remote sensing systems have been developed that
provide information on surface soil moisture and temperature. However, most NWP
centres still only use screen level observations of temperature and humidity for the
operational analysis of soil moisture and temperature, e.g. ECMWF (European Centre
for Medium range Weather Forecasts; de Rosnay et al., 2012), Meteo-France (Giard25

and Bazile, 2000) and the German Weather Service (Hess et al., 2008). The Met Office
operationally uses satellite derived measurements of surface soil wetness together with
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screen level observations for the analysis of soil moisture. Dharssi et al. (2011) find
that assimilation of remotely sensed surface soil wetness measurements improves the
agreement of the soil moisture analyses with ground based soil moisture observations
and improves forecasts of screen level temperature and humidity.

2.1 The extended Kalman filter5

The DA problem is kept manageable by assuming that the model land columns are
independent of each other (a 1-dimensional approach). This assumption is also made
by most land surface models, including JULES (Best et al., 2011). The standard EKF
equations for each land column are given by

xa(ti ) = xb(ti )+Ki
[
o(ti )−hi (xb)

]
(1)10

Ki = BHTi

(
HiBHTi +R

)−1
. (2)

x(ti ) represents the state vector of a land column at time ti with superscripts a and b
standing for analysis and background. o(ti ) is the observation vector. Ki is the Kalman
gain matrix at time ti . B is the background error covariance matrix. R is the observation15

error covariance matrix.
Hi is the linearised observation operator matrix and is defined using hi (x+∆) '

hi (x)+Hi∆, where ∆ is a small perturbation to the model state x and hi (x) is the non-
linear observation operator. The elements of Hi are estimated using finite difference
by individually perturbing each component of x by a a small scalar amount δj . A given20

element of Hi is calculated using

Hkj =
yk(x+δj )− yk(x)

δj
. (3)
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yk(x+δj ) is a short model forecast of observation type k (e.g. screen level temperature)
starting from perturbed initial conditions x+δj . The sensitivity of the calculated Jaco-
bians to the magnitude of the perturbations, δ, is described in a later subsection. The
number of perturbed forecasts required increases with the number of model variables
to be analyses and the number of soil layers. For example, to analyse skin temperature5

and soil moisture and temperature on four soil levels would require ten perturbed fore-
casts, including the control y(x). The length of a perturbed forecast is typically a few
hours long.

The major computational cost of the EKF land DA system is the cost of running
the perturbed forecasts. ECMWF (de Rosnay et al., 2012) use the fully coupled10

land/atmosphere model for the perturbed forecasts. Meteo France (Mahfouf et al.,
2009) use an off-line land surface model (uncoupled to the atmosphere model) for
the perturbed forecasts. Consequently the Meteo France EKF land DA system is com-
putationally several orders of magnitude cheaper. The Bureau EKF land DA system
also uses an off-line land surface model for the perturbation forecasts. Balsamo et al.15

(2007) and Mahfouf et al. (2009) have shown that the off line land surface model can
be used to reliably calculate Hi . The forcing data for the off-line land surface model
(precipitation, surface longwave and shortwave radiation, air temperature and humid-
ity, wind speed and surface pressure) are obtained from forecasts of the NWP model.
Air temperature and humidity forcing are applied at a height of 20 m (which is above20

the screen level). This allows the EKF land DA system to also assimilate observations
of screen level temperature and humidity (see Fig. 1 of Mahfouf et al., 2009, for a fuller
explanation).

2.2 The land surface model

The Bureau EKF land DA system uses JULES to represent the land surface processes.25

The soil is discretised into four layers of 0.1, 0.25, 0.65 and 2 m thickness (from top
to bottom). The soil hydrology is based on a finite difference form of the Richards
equation and Darcy’s law. The van Genuchten (1980) equations are used to describe
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the relationship of soil hydraulic conductivity and soil suction to the unfrozen volumetric
soil moisture. Currently, there is no vertical variation of the soil hydraulic parameters
in the model. The freezing and melting of soil water are also represented and the
associated latent heat is included in the thermodynamic calculations.

The JULES model uses 5 vegetation tiles (broadleaf trees, needleleaf trees, C3 (tem-5

perate) grass, C4 (tropical) grass and shrubs) and 4 non-vegetation tiles (urban, inland
open water, bare soil and land ice). Transpiration by plants extracts soil water directly
from the soil layers via the plant roots while bare soil evaporation extracts soil water
from the top soil layer only. The ability of plants to access water from each soil layer is
determined by the root density distribution and soil moisture availability. The broadleaf10

trees are assumed to have a root depth of dr = 3m, needleleaf trees have dr = 1m,
grasses and shrubs have dr = 0.5m and the total depth of the model soil zt = 3m. The
bulk stomatal resistance in the absence of soil moisture stress is calculated by a photo-
synthesis model (Mercado et al., 2007) and depends on incident radiation, vegetation
type, surface air temperature and humidity deficit. The bulk stomatal resistance in-15

cludes a dependency on the soil moisture content via a soil moisture availability factor.

3 Experiments and results

In order to avoid compensating effects through temporal averaging, results are pre-
sented for one time period only; the off-line perturbed forecasts are started from initial
conditions valid at 3Z 16 January 2011. The length of the perturbed forecasts is three20

hours. Perturbed forecasts with shorter (longer) lengths of one (five) hour(s) have also
been tried. Figure 1 shows the model initial conditions for snow amount and level 1
soil temperature. During January much of the Northern Hemisphere land is covered
by snow. The initial land surface model states (e.g. soil moisture, soil temperature and
snow) used in the experiments are obtained from the operational weather forecasting25

system and are as accurate as possible. Although the model initial conditions are likely
to affect the magnitude of the computed Jacobians, they do not affect the conclusions.
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3.1 The Jacobians for screen level observations

Figure 2 shows an example of the computed Jacobians HT2 m,θl ≡∆T2 m/∆θl which are
elements of the linearised observation operator matrix for screen level temperature
with respect to soil moisture in the four model soil layers (l ). For soil layers two to four,
the coupling between screen level temperature and soil moisture is primarily through5

transpiration by vegetation. Consequently the coupling occurs during daylight. The ver-
tical variation of the coupling is discussed in the next subsection. The negative values
means that an increase in soil moisture leads to a cooling of the screen level. For the
surface soil layer, the picture is more complicated as there is strong coupling both dur-
ing the day and at night. The Jacobians have a positive value in some places and a10

negative value in others.
The Jacobians of screen level specific humidity with respect to soil moisture

(∆q2 m/∆θl ) are shown in Fig. 3. The spatial pattern shown in Fig. 3 is similar to Fig. 2.
However, for screen level specific humidity, the Jacobian values are primarily positive
meaning that an increase in soil moisture leads to an increase in screen level humidity.15

The Jacobians of screen level temperature with respect to soil temperature
(∆T2 m/∆Tl ) are shown in Fig. 4. The Jacobians are largest for soil level 1 and be-
come very small for soil levels 3 and 4. The Jacobians are largest during the night and
generally positive in value. This is consistent with the experience of ECMWF who find
that their soil temperature nudging scheme is more effective during the night and winter20

when screen level errors are less likely to be related to soil moisture (Mahfouf et al.,
2000).

Effect of land surface parameterisations

To investigate the impact of the land surface model parameterisations on the calculation
of the Jacobians, experiments are performed where the parameterisations are modi-25

fied or switched off. Figure 5 shows the effect of switching off bare soil evaporation.
Comparing Fig. 5 with the top panel of Fig. 2 shows that bare soil evaporation can pro-

512

http://www.soil-discuss.net
http://www.soil-discuss.net/2/505/2015/soild-2-505-2015-print.pdf
http://www.soil-discuss.net/2/505/2015/soild-2-505-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 505–535, 2015

Analysis of the
observation operator

in a soil moisture
analysis scheme

I. Dharssi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

duce strong coupling between screen level temperature and surface soil moisture, both
during the day and night. Switching off bare soil evaporation reduces the magnitude of
∆T2 m/∆θ1 in the interior of Australia, the Sahara and parts of south America. In some
night time regions, switching off bare soil evaporation causes ∆T2 m/∆θ1 to swap sign
and have positive instead of negative values. With bare soil evaporation switched off,5

∆T2 m/∆θ1 is predominantly negative in the daytime region and predominantly positive
in the night time region.

The soil thermal conductivity can be strongly affected by soil moisture and could
be responsible for the positive values of ∆T2 m/∆θ1 in night-time regions, observed
in Fig. 5. The JULES soil thermal conductivity (λs) is calculated using (Peters-Lidard10

et al., 1998; Dharssi et al., 2009)

λs = (λsat − λdry)Ke+ λdry (4)

where λsat is the soil thermal conductivity when the soil is saturated and λdry when the
soil is dry. Ke is the Kersten number given by

Ke =


log10

θ
θs

+1.0
θ
θs
≥ 0.1

0 otherwise

. (5)15

For investigation, the parameterisation of soil thermal conductivity is modified to be-
comes independent of soil moisture,

λmodified
s = (λsat + λdry)/2 . (6)

Figure 6 shows ∆T2 m/∆θ1 when the soil thermal conductivity parameterisation is modi-
fied and bare soil evaporation is switched off. Comparing Figs. 5 and 6 shows that mod-20

ifying soil thermal conductivity significantly reduces the coupling between screen level
temperature and topmost level soil moisture in many regions, both during the day and
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night. However, some night-time regions with positive values of ∆T2 m/∆θ1 still persist.
This suggests that other processes, such as the relation between soil heat capacity
and soil moisture, are also important.

The coupling between the root zone soil moisture and the screen level is primarily
through transpiration by plants and is only significant during the day. The vertical vari-5

ation of the coupling is significantly affected by the vegetation root depths. Figure 7
shows the computed Jacobians ∆T2 m/∆θl when the vegetation root depths are dou-
bled. Increasing the vegetation root depth causes stronger coupling with the deeper
soil layers, i.e. increases the magnitude of ∆T2 m/∆θ4 and reduces the magnitude of
∆T2 m/∆θ2.10

3.2 The Jacobians for the assimilation of surface soil moisture measurements

Several new space-borne remote sensing systems have been developed that provide
global retrievals of surface soil moisture (SSM), e.g. SMOS (Soil Moisture Ocean Salin-
ity, Kerr et al., 2001), ASCAT (Advanced SCATterometer, Naeimi et al., 2009) and
SMAP (Soil Moisture Active Passive, Entekhabi et al., 2010). Measurements of SSM15

can be assimilated to update both the model surface and root zone soil moisture by
using Eq. (3) to compute ∆θ1/∆θl ≡ Hθ1,θl . Example results are shown in Fig. 8. Gen-
erally, for JULES, the coupling between the surface and root zone soil moisture is weak.
∆θ1/∆θ3 and ∆θ1/∆θ4 are close to zero. ∆θ1/∆θ2 is non-zero in regions where the
soil is wet and consequently the hydraulic conductivity is high. ∆θ1/∆θ1 ≡ Hθ1,θ1

is20

close to unity in most regions, the exceptions are where the soil is wet and Jacobian
values as low as 0.5 can occur. Increasing the length of the perturbation forecasts
is found to significantly increase the coupling between the surface and root zone soil
moisture. Draper (2011) has found similar results when using JULES.

The van Genuchten (1980) equations describe the relationship between the soil hy-25

draulic conductivity (KVG) and the unfrozen volumetric soil moisture θu.

KVG = KsS
L
e

[
1− (1−S1/m

e )m
]2

, (7)
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where the soil wetness Se = (θu −θr)/(θs −θr), L = 0.5 and m = 1−1/n. θs, θr, Ks, α
and n are the van Genuchten soil parameters and assumed to depend on soil type.
The hydraulic conductivity is very sensitive to changes in soil moisture. Small changes
in soil moisture can lead to order of magnitude changes in soil hydraulic conductivity.
For example, when Se = 1, KVG = Ks while when Se = 0.9 and n = 1.18, KVG = Ks ×5

10−2. In addition, Ks is strongly affected by soil type and has a high spatial variability
(see for example Marthews et al., 2014; Bandara et al., 2015). For coarse textured
soils the model assumes Ks = 1.95×10−2 mms−1 while for medium textured soils Ks =
2.8×10−3 mms−1. Cosby et al. (1984); Schaap and Leij (1998) also show that the
uncertainty in predicted Ks is about one order of magnitude. Consequently, uncertainty10

in soil type and pedotransfer functions can also lead to order of magnitude uncertainty
in soil hydraulic conductivity.

Figure 9 shows the computed Jacobians ∆θ1/∆θ2 when the soil hydraulic conduc-
tivity is increased by a factor of ten. The coupling between the SSM and the root zone
has increased significantly.15

Using four different land surface models with different coupling strengths and syn-
thetic observations of SSM, Kumar et al. (2009) find that the potential of SSM assimi-
lation to improve root zone soil moisture is higher when the coupling between the SSM
and root zone soil moisture is stronger. Given that the true strength of coupling between
the SSM and root zone soil moisture is unknown, the non-identical twin, assimilation20

experiments of Kumar et al. (2009) suggest that it is better to over-estimate rather than
under-estimate the coupling between the SSM and root zone soil moisture. Therefore,
artificially increasing the model soil hydraulic conductivity by a factor of ten may be an
effective technique to improve the assimilation of satellite derived SSM. However, care-
ful and comprehensive testing will be required to fully validate all the consequences of25

such an approach.

515

http://www.soil-discuss.net
http://www.soil-discuss.net/2/505/2015/soild-2-505-2015-print.pdf
http://www.soil-discuss.net/2/505/2015/soild-2-505-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 505–535, 2015

Analysis of the
observation operator

in a soil moisture
analysis scheme

I. Dharssi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.3 The Jacobians of the observation operator for surface skin temperature

Best and Maisey (2002) show that in unstable conditions, to a good approximation

∆T∗ = ∆T2 m/
(
1−µ ra,2 m/ra

)
. (8)

Where ra (ra,2 m) is the aerodynamic resistance between the surface and first model
level (screen level) and µ ' 0.9. Therefore, it is expected that the computed Jacobians5

between surface skin temperature and soil moisture (∆T∗/∆θl ) should show a similar
spatial pattern to the Jacobians between screen level temperature and soil moisture
(∆T2 m/∆θl ) but have a larger magnitude (since the denominator in Eq. (8) is less
than 1). Figure 10 shows the computed Jacobians ∆T∗/∆θl and that there is signifi-
cant coupling between surface skin temperature and soil moisture. Therefore, it may10

be possible to assimilate satellite measurements of T∗ to analyse soil moisture. How-
ever, for a variety of reasons, model and satellite derived surface skin temperature
exhibit very different climatologies and consequently bias correction will be required
(Reichle et al., 2010). As expected, comparing Figs. 10 and 2 shows that, the spatial
variation of ∆T∗/∆θl is very similar to ∆T2 m/∆θl and the magnitudes are much larger.15

Figure 11 shows the computed Jacobians ∆T∗/∆Tl and that there is significant coupling
between surface skin temperature and model level 1 soil temperature. There are also
strong similarities between ∆T∗/∆Tl and ∆T2 m/∆Tl . Ghent et al. (2010) have assimi-
lated measurements of surface skin temperature for the Africa region using the JULES
land surface model and found improvements to model surface fluxes and soil moisture.20

3.4 Sensitivity to magnitude of perturbations

Figure 12 shows the sensitivity of the calculated Jacobians for screen level temperature
to the magnitude of the volumetric soil moisture perturbations, for the Australia region.
The results indicates that the system is well behaved for perturbation values in the
range of 10−4 to 10−2 m3 m−3, a perturbation value of 10−3 m3 m−3 is found to be close25

to optimal. A similar analysis using the calculated Jacobians for screen level specific
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humidity also shows that a soil moisture perturbation value of 10−3 m3 m−3 is close
to optimal (results not shown). The Jacobians for screen level specific humidity are
less sensitive to the magnitude of the soil moisture perturbation. For skin and soil
temperature, results indicate that the system is well behaved for perturbation values in
the range of 10−2 to 1K, a perturbation value of 10−1 K is found to be close to optimal.5

4 Conclusions

To take full advantage of the available global satellite measurements of the land sur-
face as well as screen level observations an EKF based land surface data assimilation
system has been developed at the Bureau in collaboration with the Met Office. Such
a system is flexible and can make more statistically optimal use of a wide variety of10

observation types. The most important aspect of the system is the calculation of the
Jacobians that describe the link between the observations and the land surface model
variables. The Jacobians are computed using finite difference by perturbing each model
variable to be analysed, in-turn, and performing short model forecasts. The number of
perturbed forecasts required increases with the number of model variables to be anal-15

yses and the number of soil layers. Other works such as Mahfouf et al. (2009) and
Drusch et al. (2009) have also looked at the calculation of the Jacobians. However, this
work examines the Jacobians in much greater detail than before. In addition, this is the
first work to use the JULES land surface model to compute the Jacobians for screen
level observations and measurements of surface skin temperature.20

Results show that the computed Jacobians can be sensitive to the size of the per-
turbations used. Perturbations that are too small cause problems due to numerical
rounding while perturbations that are too large cause problems due to non-linearities
in the model. Experiments show that volumetric soil moisture perturbation values in the
range of 10−4 to 10−2 m3 m−3 give good results and a perturbation value of 10−3 m3 m−3

25

is close to optimal. For skin and soil temperature perturbations, experiments indicate
that a perturbation value of 10−1 K is close to optimal.
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This is the first work to look at the effect of land surface parameterisations on the
computed Jacobians. As expected, the parameterisation details have a significant im-
pact. Experiments are performed where the parameterisations are modified or switched
off. Results show that the coupling between the soil moisture in the topmost model layer
and the screen level is due to a number of processes including bare soil evaporation,5

soil thermal conductivity, soil thermal capacity as well as transpiration by plants. The
coupling between the soil moisture in the lower model layers and the screen level is due
to transpiration by plants. This result is significant as it explains why the coupling with
the soil moisture in the topmost model layer is much stronger than the coupling with the
soil moisture in the lower model layers. Consequently, soil moisture increments in the10

topmost model layer will be larger than would be the case if the coupling were only due
to transpiration. In addition, improving the analysis of topmost model layer soil moisture
will have a significant impact on forecasts of screen level temperature and humidity.

The Jacobians linking observations of surface soil moisture with soil moisture in the
lower model layers have been computed. Experiments show that artificially increas-15

ing the soil hydraulic conductivity by a factor of ten significantly increases the coupling
between the surface and root zone soil moisture. Otherwise, for JULES, the coupling
between the surface and root zone soil moisture is weak. Small uncertainty in soil
moisture or soil type can lead to order of magnitude uncertainty in soil hydraulic con-
ductivity. In addition, Kumar et al. (2009) suggest that it is better to over-estimate rather20

than under-estimate the coupling between the surface and root zone soil moisture.
Consequently, artificially increasing the model soil hydraulic conductivity by a factor
of ten may be an effective technique to improve the assimilation of satellite derived
surface soil moisture.

The Jacobians linking observations of skin temperature to model soil temperature25

and moisture have also been computed. These Jacobians have a similar spatial pat-
tern to the Jacobians linking observations of screen level temperature to model soil
temperature and moisture but are larger in magnitude. Consequently, assimilation of
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satellite derived skin temperature may also significantly improve the analysis of model
soil temperature and moisture.

It is well known that model soil moisture is model specific (Koster et al., 2009). Re-
sults indicate that the Jacobians are also model specific. Consequently, careful exami-
nation of the Jacobians might allow significant insight into the behaviour of land surface5

models. It is intended that the CABLE land surface model (Kowalczyk et al., 2013) will
be integrated into the JULES framework (Law et al., 2012). Therefore, it would be in-
structive to examine and compare the Jacobians computed using CABLE, JULES and
other land surface models.

Acknowledgements. Parts of this work have been previously published as a technical report10

(Dharssi et al., 2012).
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Figure 1. Initial conditions for model snow amount (top panel) and level 1 soil temperature
(lower panel) at 3Z 16 January 2011.
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Figure 2. Example of the computed Jacobians of screen level temperature with respect to volu-
metric soil moisture in the four model soil layers. The Jacobians are valid at 6Z 16 January 2011
and are calculated using three hour long perturbed forecasts with initial soil moisture pertur-
bations of magnitude |∆θl | = 10−3 m3 m−3. The sign of ∆θl can be positive or negative and for
illustration is alternated between soil layers.
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Figure 3. The computed Jacobians of screen level specific humidity with respect to volumetric
soil moisture in soil layers 1 and 4. The Jacobians are valid at 6Z 16 January 2011 and are cal-
culated using three hour long perturbed forecasts with soil moisture perturbations of magnitude
10−3 m3 m−3.
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Figure 4. The computed Jacobians of screen level temperature with respect to soil temper-
ature in the top two model soil layers. The Jacobians are valid at 6Z 16 January 2011 and
are calculated using three hour long perturbed forecasts with soil temperature perturbations of
magnitude 0.1K.
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Figure 5. The computed Jacobians when bare soil evaporation is switched off for screen level
temperature (top panel) and specific humidity (lower panel) with respect to volumetric soil mois-
ture in the model surface soil layer. This figure can be compared with the top panels of Figs. 2
and 3.
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Figure 6. The computed Jacobians of screen level temperature (top panel) and specific hu-
midity (lower panel) with respect to volumetric soil moisture in the topmost model soil layer
when bare soil evaporation is switched off and the parameterisation of soil thermal conductivity
is modified so that it it independent of soil moisture. The Jacobians are valid at 6Z 16 Jan-
uary 2011 and are calculated using three hour long perturbed forecasts with soil moisture
perturbations of magnitude 10−3 m3 m−3. This figure can be compared with Fig. 5 and the top
panels of Figs. 2 and 3.
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Figure 7. The computed Jacobians of screen level temperature with respect to volumetric soil
moisture in soil layers 2 and 4 when the vegetation root depths are doubled. The Jacobians are
valid at 6Z 16 January 2011 and are calculated using three hour long perturbed forecasts with
soil moisture perturbations of magnitude 10−3 m3 m−3. This figure can be compared with Fig. 2
which shows the computed Jacobians for the default vegetation root depths.
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Figure 8. The computed Jacobians of surface volumetric soil moisture with respect to volumet-
ric soil moisture in soil layers 2 and 3. The Jacobians are valid at 6Z 16 January 2011 and
are calculated using three hour long perturbed forecasts with soil moisture perturbations of
magnitude 10−3 m3 m−3.
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Figure 9. The computed Jacobians of surface volumetric soil moisture with respect to volumet-
ric soil moisture in the second model soil layer when the soil hydraulic conductivity is increases
by a factor of ten. The Jacobians are valid at 6Z 16 January 2011 and are calculated using
three hour long perturbed forecasts with soil moisture perturbations of magnitude 10−3 m3 m−3.
This figure can be compared with the second panel of Fig. 8.
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Figure 10. The computed Jacobians of surface skin temperature with respect to volumetric soil
moisture in soil layers 1 and 4. The Jacobians are valid at 6Z 16 January 2011 and are calcu-
lated using three hour long perturbed forecasts with soil moisture perturbations of magnitude
10−3 m3 m−3. This figure can be compared with Fig. 2 but note the change in scale.
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Figure 11. The computed Jacobians of surface skin temperature with respect to soil temper-
ature in soil layer 1. The Jacobians are valid at 6Z 16 January 2011 and are calculated using
three hour long perturbed forecasts with soil temperature perturbations of magnitude 10−1 K.
This figure can be compared with Fig. 4 but note the change in scale.
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Figure 12. The sensitivity of the calculated Jacobians for screen level temperature to the mag-
nitude of the volumetric soil moisture perturbations |∆θl | in soil layer l . H− represents Jacobian
values calculated using a negative perturbation while H+ represents Jacobian values calcu-
lated using a positive perturbation. For a well behaved EKF system |H− −H+| should be close
to zero. The dotted line shows |H− −H+|/2 averaged over the Australia region while the solid
line shows (H− +H+)/2 averaged over Australia. The results indicates that the system is well
behaved for |∆θl | values in the range of 10−4 to 10−2 m3 m−3.
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