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Abstract. A valid tool for the retrieving of the turbulent 1 Introduction

fluxes that characterize the surface energy budget is consti-

tuted by the remote sensing of land surface states. In thiThe estimation of the turbulent heat exchanges at the sur-
study sequences of satellite-derived observations (from SEface is of great importance in most hydrological and mete-
VIRI sensors aboard the Meteosat Second Generation) ofrological applications. A correct description of such phe-
Land Surface Temperature have been used as input in a dat®omena can considerably improve the performances in nu-
assimilation scheme in order to retrieve parameters that demerical models in terms, respectively, of a more accurate hy-
scribe energy balance at the ground surface in the Tuscangirologic balance at watershed scale and of correct surface
region, in central Italy, during summer 2005. A parsimo- forcing for the atmospheric boundary layer. A significant in-
nious 1-D multiscale variational assimilation procedure hasfluence is also observed on the precipitation: the evapotran-
been followed, that requires also near surface meteorologspiration flux affects rain through a feedback mechanism that
ical observations. A simplified model of the surface energyinvolves the soil moisture state (Entekhabi et al., 1996).
balance that includes such assimilation scheme has been COU-|n the atmospheric numerical mode|sy due to scale resolv-
pled with the limited area atmospheric model RAMS, in or- jng |imitations, parametrization of these surface processes is
der to improve in the latter the accuracy of the energy budgebften present. For example, soil moisture storage and trans-
at the surface. The coupling has been realized replacing thesr processes in GCM (Global Circulation Models) are of-
assimilation scheme products, in terms of surface turbulenten oversimplified. Redistribution due to topography and
fluxes and temperature and humidity states during the metenymerous other important processes that may significantly
orological simulation. Comparisons between meteorologicalcontribute to land-atmosphere interaction are neglected (En-
model results with and without coupling with the assimila- tekhabi, 1995). On the other side, the growing attention on
tion scheme are discussed, both in terms of reconstruction qi'ns topic produced in the last decade more accurate represen-
surface variables and of vertical characterization of the lowekations of the surface processes in the atmospheric numerical

atmosphere. In particular, the effects of the coupling on themodels, both LAM (Limited Area Models) and GCM (Vi-
moisture feedback between surface and atmosphere are cofale and Sickli, 2005; Beljaars et al., 2007). In order to
sidered and estimates of the precipitation recycling ratio arémprove the performances of the atmospheric simulation at
provided. The results of the coupling experiment showed im-the surface, other approaches proposed couplings between

provements in the reconstruction of the surface states by thgtmospheric and surface models (Koster and Suarez, 1993;
atmospheric model and considerable influence on the atmopydhia and Chen, 1999; Haggag et al., 2008).

spheric dynamics. The direct measure of the turbulent fluxes presents several
difficulties, due to the costs of installation and maintaining
of the towers instruments (Baldocchi, 2001). This is partic-
ularly true at temporal and spatial resolutions that are signif-
icant for the study of two-way land-atmosphere interactions

Correspondence td:. Campo such as soil moisture feedback on precipitation (Entekhabi
BY (Icampol@dicea.unifi.it) and Eagleason, 1989). A valid and largely utilized alterna-
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tive to point surface measures for these variables is consti2 Surface energy budget model ACHAB

tuted by remote sensing. Measurements from satellite sen-

sors are not directly related to heat and moisture fluxes, bu2-1 Land surface energy budget

they can be merged with models to infer physical conditions o )

at the land surface that are intimately related to the energy N€ stimation of heat fluxes that characterize the energy
balance. Among these conditions the Land Surface Temper2Udget at the surface can be formulated with an inverse ap-
ature (LST) is the main prognostic variable for the indirect Proach, given a sequence of land surface temperature ob-

estimation of surface energy fluxes (Schulz et al., 1998). servations. In or(_jer to retrieve these estimates,_ the _dual-
source (DS) version of the model ACHAB (Assimilation

A feasible general methodology to estimate surface en- . s ”
ergy fluxes based on remote observations is constituted b{r@de for Hydrologic-Atmospheric Budget) has been utilized
Caparrini et al., 2004).

the combined use of LST and micrometeorological measure )
The DS formulation largely follows Kustas et al. (1996),

ments in order to estimate the contribution of each flux com- ] _ ! :
ponent to the total surface energy balance. A possible apt_hat describes the soil-vegetation system as a resistance net-

proach consists in using data assimilation techniques of reWOrK that includes nodes at the soil, the canopy leaves, the
mote observations of surface radiometric temperature in orVithin canopy air and air above the canopy. The conduc-
der to solve the energy balance (Caparrini, 2001; Harris andances are characterized through turbulent heat transfer co-
Taylor, 2007; Meng et al., 2009). The first proposal of use of€fficientsCy, (for heat transfer from_ spil to air within the
LST retrieved from satellite observations came from WetzelC@n0PY) and’r, (from leaves to air within the canopy). Fol-
et al. (1984), while a number of work have been proposedow'“g the bulk parametrization, the sensible heat fluxes (soil

in last two decades about land data assimilation inside atmo2nd vegetation respectively) are given by:

spheric models (McNider et al., 1994; Jones et al., 1998a, bHS = pcyCrisUsa (Ts — Trg) : (1a)
Giard and Bazile, 2000; Mahfouf et al., 2000; Van den Hurk b '
and The, 2002; Blair et al., 2003a, b). Hy = pcpyCryUca (Ty — Tea) (1b)

In this study a variational approach has been followed us- , , Lo - ,
y bp wherep is the air densityg,, is the specific heat of the air at

ing sequences of LST observations as input in a data as- : :
g seq P onstant pressur&; andT, are respectively soil and canopy

similation scheme able to retrieve optimal surface states anéinetic temperatures, arfl, andU,,, are the temperature of
parameters that describe energy balance at the land surfac P ' < cd P

Satellite data from SEVIRI sensor aboard the Meteosat Secf—:aiggyig?umi wind speed at a reference height within the
ond Generation (MSG) are used as LST input. A parsi- s . . .
monious 1-D multiscale variational assimilation method has The turbulent moisture flux is represented using the defi-

been followed, based on a simplified description of the I_S.I_nition of evaporative fraction EF for soil and vegetation:

dynamics, the Force-Restore Equation (Lin, 1980; Dickin- -~ LE; (2a)
son, 1988), used as physical constraint. A simplified sur- * ~ LE; + H,
face energy budget model (Caparrini, 2001; Caparrini et LE

v

al., 2004), ACHAB, that includes this assimilation scheme,EF, = ——

has been coupled in this study with a limited area atmo- LE, + H,

spheric model, RAMS (Tremback, 1990), in order to study whereL is the specific latent heat of vaporization afidand

the effects on the latter in terms either of reconstruction of E,, are the moisture fluxes in mass per unit of contributing

the ground conditions and of vertical characterization of thesurface (soil and vegetation, respectively).

lower atmosphere. The representation of the land surface The total heat fluxe& and LE can be calculated by means

processes in RAMS became more and more complex in lasbf a bulk heat transfer coefficiedty from the air within the

years (Lu et al., 2001; Adegoke et al., 2003; Cotton et al.,canopy to the boundary layer air above the canopy (subscript

2003; Walko and Tremback, 2005). Several diagnostics have):

been performed in order to compare the performances of th

runs of RAMS with the ACHAB-RAMS coupling. Particular H = pe,CuU (Tea — o) )

attention has been devoted to the analysis of the precipitatiowhereU is the wind speed above the canopy. In analogy to

and local recycling ratio maps have been computed. In theeEq. (2a—b), the total evaporative flux LE is determined by

following sections the ACHAB and RAMS models will be means of the total evaporative fraction EF. The total sensi-

described, then the results of the coupling experiment will beble and latent fluxes for a pixel are given by the contribution

exposed. The study has been focused on the Tuscany regioaof the fluxes from the soil and the vegetation components,

on a domain of about 40 000 knin central Italy, in a period  weighted by the fractional vegetation cover

of 4 months, from June to September 2005. The assimilation procedure comprehends an adjoint model
constituted by the Force-Restore equation (Lin, 1980; Dick-
inson, 1988). The Force-Restore equation is a simplified de-
scription of the dynamic of the LST in which are present a

(2b)
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forcing term (first on the right side, given by the energy bud- G, [Tops, k—M - Tg (1)] +
get at the surface) andrastoringterm (second on the right D

. . - T -
side, that takes |.nto account the effect of the deep ground+ Z [—EFs,d_EF’s,d] GE& [—EFs,d—EF'd] n
temperaturdgeep: = s
dT; R, — H — LE D . I -

g SR e T @) 3 [GR ] G [P R

=1

d
whereH and LE are positive upwar®,, is net surface radia- T

tion, positive downwardp is thermal inertia [J/(RK-sY/2)]  + [CHN - C},N] Gepy [CHN — C},N] +

and it is assumed that the forcing has a dominant frequency

o (i.e. diurnal). Moreover, in land surface models it is of- & —7|dTy

ten assumed that the energy balance in the canopy is an iﬁidzl / A g T EFsa, EFya Cuy) |dr (6)
stantaneous (no inertia) balance between net radiation and ~ ‘<lo-7la

turbulent fluxes g, =H,+LE,), due to the fact that the veg- in which the first term is the quadratic measure of the misfit
etation canopy has a much lower thermal inertia comparethetween model predictions and LST observations, is the vec-
to soil. Written in terms of EF, the canopy energy balancetor of n model states at time are the observations at irreg-

model now becomes: ular timesr;. M is a matrix of measurements-to-model LST
H, projection factorsD is the number of days considered, [
Rn = 1_EF ®) 11] is the assimilation windowA is the vector of Lagrange
v

multipliers, Gt,, Ger,, Ger,, andGc,,, are the spatial co-

The relations (4) and (5) constitute the energy budget convariance matrices for observations and parameters (in this
straint of the problem, respectively for soil and vegetation. gpplication assumed as diagonal), the primed variables rep-
The DS model consists of the set of equations of turbulentesent prior estimates of parameter values and the last term
fluxes (Egs. 1a—b, 2a-b, and 3) and of constraints on the enepresents the physical constraint. The correct values for the
ergy budgets (Egs. 4 and 5) with paramet€fg, Cn,, Cn,  parameter€yy and EF can be found minimizing, thus
EF;, and EFR that need to be estimated. Following Eagle- imposing the vanishing of its first variatioff=0).
son (2002), the conductances of vegetation and soil layers The model solves the Euler-Lagrange equations (that come
can be estimated as a function of the air heat transfer coeffrom imposing the condition$=0) trough an iterative proce-
ficient Cyy and the measured wind spe&d The unknown  dure on monthly basis. The model has been run, for each day
parameters to be estimated are so reduce@dgpEF,, and  of the period of interest, inside the temporal window 6 a.m.—
EF;. 6 p.m. at half an hour timestep. ACHAB requires as input, to-
gether with the LST observations at an half-an-hour timestep
during the assimilation temporal window, standard microm-
eteorological measurements: air temperature, air humidity,

ind speed and incoming solar radiation. A LAl map is also
used to characterize the fractional vegetation cover. The as-
imilation procedure has been carried on only on the domain
ells for which a sufficient number of LST observations (at
least three values per day) and meteorological forcing was
?)resent. In the cells where these requirements were not sat-
isfied (cloudy cells), a forward integration (without assimi-
?;Stion) of the Force-Restore equation has been performed, in
order to assure proper forcing for RAMS on the whole do-
main.

The estimated parameters maps have been produced on a
monthly basis foilCy and on daily basis for both EFEF,.
_ Together with parameters, maps for each timestep (inside the
' diurnal assimilation window) have been produced for the fol-

lowing variables: sensible and latent heat flux from soil com-

ponentH, Leg; and from vegetation componeiit,, Le,,

soil, vegetation and canopy air temperaturgsr,, T.,, and

mixing ratiors, ry, req-

2.2 Assimilation of LST into ACHAB

The assimilation process consists in the minimization of

cost functional/ that incorporates physical constraints (en-
ergy balance) through Lagrange multipliers. The functional
J contains a quadratic measure of the misfit between modei
predictions and LST observations. The minimization is car-
ried on under the working hypotheses of constant evaporativ
fractions during daytime hours (Sugita and Brutsaert, 1991

coefficientCyy (related toC g trough a coefficient for the at-
mospheric stability correction) over a longer timescale (e.g.,
a month).

The functional is constructed using two different integral
time scales: the overall assimilation period of lengidays,
for which a singleCyy value is estimated at each state pixel
a daily assimilation windowg, ¢1] during which EF may be
considered constant and E&nd EF, are estimated for each
pixel independently for each dai=1,..., D. The scalar cost
function J is:

D

=Y Y [Tobsk—M Tr 0]
d=1 k:tx€ltp,11]
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3 Atmospheric model RAMS (water, bare soil, vegetated soil), different temperature and
water mass budget are computed.

The Regional Atmospheric Modelling System (RAMS) isa  Even though the turbulent closure considered in both
limited area atmospheric model with complete physics andACHAB and LEAF-3 models is of the first order (bulk
non-hydrostatic equations, developed at the Colorado Statfyrmulation), the models are quite different. In particular
University. It solves a set of equations that describe dy-LEAF-3 is much more detailed (especially relatively to the
namics and thermodynamics of the atmosphere, mass angegetation component) and requires many more parameters.
energy conservation and hydrometeors microphysics (TremHowever, as it will be exposed in Sect. 5, LEAF-3 tends to
back, 1990). RAMS presents a number of different numeri-produce temperature and humidity states and a partitioning

cal scheme for convection, radiation, cloud microphysics ancbf the turbulent fluxes at the surface very different from the
boundary conditions. The model is able to work on nestedypical observed values.

grids configurations, allowing to simulate the area of interest

at very high spatial resolution without losing the information

from medium or synoptic scale atmospheric features. It also4 Case study

provides a nudging scheme that allows the assimilation of

measures inside the boundary conditions, that are requiredccordingly to the availability of LST satellite observations
on a 6-h basis. The scheme is able to assimilate ground poirand micrometeorological data from ground sensors, the do-
measures and atmospheric soundings by merging them witmain of study was selected as the Tuscany region in cen-
the boundary conditions. In the present study the model hagral Italy in 2005. The region, that covers an area of about
been used in non-hydrostatic configuration and a set of cali23 000 kn%, is crossed by the Apennines Mountain range that
bration runs based on ground measurements and on literatuescribes an arc from North to East having average elevation
on RAMS and its use in the Mediterranean area (Trembackpf 1000 m a.s.l. with maximum of about 2000 m. The mean
1990; Meneguzzo et al., 2002; Gualtieri and Calastrini, 2003;annual precipitation is 800 mm, the climatic type can be con-
Pasqui et al., 2004) has been performed in order to retrievsidered as semi-arid with a high variability during the year;
the best possible configuration of the model for the domainsummer is hot and dry while winter is cold and rainy.

of study. The period chosen for the analysis was summer 2005 for

RAMS comprehends the surface-atmosphere interactiora total of four months, from 1 June to 30 September. The
scheme LEAF-3 (Land Ecosystem-Atmosphere Feedbackhoice of the summer period is mainly dictated from the fact
version 3; Walko and Tremback, 2005). LEAF-3 utilizes that this is the year season in which the land-atmosphere in-
a detailed modelling of the interactions between the atmo-eractions are dominated by heat fluxes from the surface. The
sphere, the soil, the vegetation, the surface water and the deesgummer of 2005 in central Mediterranean was characterized
ground, taking into account the characterization of the landby some short heat wave in the first half (especially during
cover and of the health status of the vegetation. The mairthe month of June) followed by a less warm period caused
purpose of this module is to compute the heat and humidityby cold air masses from northern Europe. During this period
exchanges with the atmosphere, providing the lower boundthe precipitation regime was characterized by a number of
ary conditions for the atmosphere in RAMS. intense rainfall events of short duration along all the summer

LEAF-3 works on a two-dimensional grid that represents and two-three long-duration rainfall periods (from some days
the surface (comprehending soil surface, vegetation, canopio almost a week long). In Fig. 2 the topography of Tuscany
air and, if present, water) and on a three-dimensional gridand the grids used for the RAMS run are shown: the domain
that covers a thin layer of soil (usually 0.5—1 m thick), sub- of the study is constituted by the nested grid, that covers most
divided in a customizable number of levels. All compo- part of the Tuscany (highlighted in the right panel of the fig-
nents are described with prognostic equations that includeire) and coincide with the ACHAB domain. The reanalysis
exchanges terms such as turbulent fluxes, heat conductioproducts from the National Centers of Environmental Predic-
water diffusion and percolation, longwave and shortwave ration (NCEP) of the US National Weather Service have been
diative transfer, transpiration and precipitation. used for lateral boundary conditions.

Figure 1 provides a general scheme of all the compo- The main input of the assimilation procedure are the esti-
nents considered in LEAF-3 for a single cell and high- mates of Land Surface Temperature, obtained from the Me-
lights the energy fluxes exchanged between different comteosat Second Generation SEVIRI sensor by the Land Satel-
ponents. The interface between the surface and the atmdite Application Facility (Land SAF Project Team, 2006).
sphere is constituted by a scheme similar to the one emThe micrometeorological input data (solar radiation, air tem-
ployed by ACHAB (see Sect. 2) in which several fluxes (from perature, air humidity, wind speed) have been obtained from
soil/vegetation to canopy air and from canopy air to atmo-the ground-based networks of Tuscany Region Hydrological
sphere) are present. The surface fluxes of heat, momentungervice.
and water vapour into the atmosphere are computed with the The ACHAB model has been run on four separate monthly
scheme of Louis (1979). For the three possible types of patchuns (June, July, August, and September 2005) in order to

Nat. Hazards Earth Syst. Sci., 9, 161824 2009 www.nat-hazards-earth-syst-sci.net/9/1613/2009/



L. Campo et al.: Land-atmosphere interactions coupled with LST assimilation 1617

First computed layer of
the atmosphere (~ 50
m above surface)

H from “water E from “water Hfrom Efrom M from
canopy” air canopy air” canopy canopy canopy

t1 Ht

Canopy air-first
atmospheric layer

transpiration

W from
H vegetation
L ’ canopy air S
2
g
E H from
_$ vegetation
k-]
n
Vegetation
frum from H from W from height range:
fmm frnm bare bare vegetated vegetated 20cm-32m
water water soil soil soil soil
Snow layer [———=

1 Root zone

Soil layer and
water

water vbare 59|I vegetated soil

( on fraction < 10%) (vegetation fraction > 10%)

Fig. 1. General scheme of energy exchanges inside a single cell in LEAF-3. Fluxes between main components are indi¢a(sengible
heat flux),E (latent heat flux) and/ (momentum flux).
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Fig. 2. Topography of Tuscany (left panel) and nested grids configuration with spatial resolutions in RAMS model (right panel). The nested
grid at 4 km of horizontal resolution centred on Tuscany (highlighted in the right panel) constitutes the domain of the study.

allow a monthly estimate of the paramety;, while evapo- The coupling has been realized replacing the estimates of
rative fraction maps for both soil and vegetation componentssensible and latent heat fluxes and of temperature and hu-
have been produced for each day. midity states at the surface produced by ACHAB inside the

surface module of RAMS, LEAF-3 (see Sect. 3). The atmo-
spheric model has been modified in order to acquire, during
the atmospheric simulation and inside the diurnal window of
each day, the maps of all the variables estimated by ACHAB
and bypass the computations of LEAF-3. In analogous works
land data were directly assimilated inside the atmospheric
‘model (McNider et al., 1994; Giard and Bazile, 2000; Mah-

Youf et al., 2000; Blair et al., 2003a, b) or surface states like

5 Coupling of the models and results

This section describes the coupling between ACHAB and
RAMS and the results of this numerical experiment. The
purpose of this coupling was to explore the land-surface in-
teractions inside the atmospheric model forced by the result
of the LST assimilation with ACHAB.
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the soil moisture were modified in order to match the obser-<*

vations of related variables (Jones et al., 1998a, b). Diffe

ently from these studies, in the present work a replacemen «

of the surface states has been performed using the product *  + = o == e

of a separated land-surface model. T
Several diagnostic tests have been executed on all the re: =

sults of the experiment, in order to evaluate the effects of thei= | | SRR LD U AL L L

coupling on the near-surface variables reconstruction. The . ’ ° ford

influence on vertical profiles of the atmosphere and on the ;*

generation of precipitation events has been also considered. ;.. e

5.1 ACHAB runs results - ’ ’

Fig. 3. Comparison between total (vegetation+soil) area-averaged
Besides the parametetsy, EF; and EF, that character- sensible heat flux (top panel), latent heat flux (middle panel) and
ize the surface energy budget, the products from ACHABdaily evaporative fraction (bottom panel) between RAMS/LEAF-3
are constituted by surface energy and water fluxes and sufcontrol run) and ACHAB for July 2005.
face states in terms of temperature and humidity of the soil
and vegetation components. Figure 3 shows the comparisor Gontrol run
between ACHAB and the control RAMS run (without cou- _ 40
pling) in terms of total energy fluxes (soil+vegetation, spa-
tial average). The latent heat fluxes estimated by ACHAB
result much higher than the equivalent RAMS variables, g
while the opposite happens for the sensible heat fluxes. The2
comparison between the evaporative fractions computed by<

—— Measures
— RAMS

perature [°C]

RAMS and estimated by ACHAB shows how the atmo- 0 5 10 15 20 25 30
spheric model fails in estimating realistic values of this pa- . [dalyzl
rameter. RAMS EF are in fact almost always outside the 4 owpea
typical observed range 0.5-0.9 (Crago and Brutsaert, 1996)° \
while ACHAB estimates are constantly comprehended be- g sof e Al g 0 \ \
tween 0.7 and 0.85. 3 NI \\ N\\ \ \f\ m\
& YauR! i TR ) \ ) | I
E 201[\_ ‘ A/ \1\&/\/\/\/ V\ 'R ANAARRAR
5.2 Results of the coupling experiment =
- i 5 10 15 20 25 %
The ACHAB products replaced inside LEAF-3 were states [days]

O_f temperature and humidity of soil, vegetation and CanOpyFig. 4. Comparison between observed and simulated average time
air and turbulent fluxes of heat and water mass. The regeries of the air temperature at 2 m above the ground for two RAMS
placing has been performed only during the diurnal windowyyn: control run (top panel) and coupled run (bottom panel). The
6 a.m.—6 p.m., while during the night the normal functioning measures time-series are obtained by computing the mean of all the
of RAMS-LEAF-3 was restored. stations, while the simulated time-series are computed as the mean
Available ground micrometeorological data were also usedof all the nearest gridpoints. The period is July 2005.

to validate the results. In Fig. 4 the time series of area-

average air temperature at 2m above the ground for the

month of July are compared with temperatures produced in In Fig. 5 the spatial patterns of the air temperature maps
the control run of RAMS and in the coupling experiment. for 2 August are compared. The figure shows the maps pro-
The observed time-series have been obtained by computinduced by the control run (top right) and the coupled run (bot-
the mean of all the stations, while the simulated time-seriesom right) and the observed map obtained trough interpo-
are computed as the mean of all the nearest gridpoints. Thiation of the ground measurements (left). The maps show
top panel shows how RAMS tended to produce higher tem-that changes in spatial patterns occurred due to the assimila-
perature with respect to the observations, both during thdion procedure. In particular, differences in the pattern of the
day and during the night hours. The lower panel shows arplain region of the map are evident, while the mountainous
improvement of the air temperature in terms of a strong de+regions (the Apennines, in the northern part) present a simi-
creasing of the positive bias (that reaches up to°6-#& the lar spatial distribution of the temperature. With regard to the
diurnal peak, see also Table 1) that normally affected the temeomparison with the observations, the best accord in terms of
perature produced by RAMS and that was almost completelftemperature of the mountainous regions is given by the con-
eliminated. trol run, while the coupled run provided better results on the
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Fig. 5. Comparison between the air temperature maps for 2 August 2005 at midday. On the top-left panel the map obtained from interpolation
of the ground thermometers is shown. On the right, the maps produced by the control run (top-right) and the coupled run (bottom-right) are
present. In the bottom-left panel the location of the ground temperature sensors is present.

Table 1. Comparison between the two atmospheric runs in terms Control run

— 100
of reconstruction of the temperature and humidity of the air at 2m E
above the ground. RMSE and BIAS with respect to the measured%
time series for the whole period are shown. 2 g
2
©
Surface variables comparison &
Run Air Air relative Air Air relative < 00 s 10 s - o5 a0
temperature humidity ~ temperature humidity (days]
RMSE RMSE BIAS humidity Coupled run
BIAS - 100
[°cl [%] [°C] [%] =
Control run 3.53 21.01 3.18 -16.53 E | /
Coupled run 1.81 9.9 -0.01 0.77 2 gl Al
g (v |
2
[)
o —— Measures
o= —— RAMS
<C 0 L L L L L
. . . . 0 5 10 15 20 25 30
plain part of the domain, underestimating the temperatures ai .-

higher heights. However, different patterns are observed in

the plain regions between the observations and the coupledig. 6. Comparison between the observed and simulated average
run. Both the control and the coupled runs present a decreasime series of the air relative humidity at 2 m above the ground for
ing of the temperature along the coastal line. two RAMS run: control run (top panel) and coupled run (bottom

A significant improvement was reached also in terms Ofpanel). The measures time-series are obtained by computing the
mean of all the stations, while the simulated time-series are com-

a”T humldlty: in Fig. 6, the time s_erles of the alr_ relative hl_J' puted as the mean of all the nearest gridpoints. The period is July
midity at 2m above the ground is compared with the equiv- 5.

alent product of RAMS in control and coupled runs. Again,

the time-series are obtained by computing the mean of all

the stations for the observations and of all the nearest gridhumidity is overestimated during the day, in correspondence
points for the simulation. The humidity produced by the con- with rainy days. The coupling experiment mostly corrected

trol run shows a strong underestimation during most part ofsuch underestimation, during both diurnal and nocturnal pe-
the month, especially during the night. In the period com-riods. In particular, a slight nocturnal overestimation was

prehended between days from 10 to 18, on the opposite, thmtroduced.
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Figure 7, analogously with Fig. 5, shows the comparisonconstrained situation a significant influence is observed (see
between air humidity maps, expressed in terms of air mixingalso Sect. 5.3).
ratio at the surface. In this case it is evident how the con- The Tables 1 and 2 resume the results of the control run
trol atmospheric simulation fails in reconstructing the correctand the coupling experiment in terms of comparison between
spatial pattern at the surface. RAMS produced, in fact, arobservations and atmospheric simulations. From Table 1 the
almost constant distribution of humidity, apart the coastal re-RMSE of the surface states (air temperature and humidity)
gions where an abrupt increasing is evident. On the oppositehas been halved following the coupling with ACHAB. For
the coupled run shows improvement in terms either of valuesoth variables, the bias was almost eliminated. Table 2 shows
range and of spatial distribution, showing a central part ofhow the model overestimated the monthly total precipitation
the map with lower humidity and higher values on the Eastin June and September and underestimated the same variable
and on the western coast. With respect to the observations July and August.
map it can be noticed a slight underestimation of the mixing As stated in Sect. 3, when ground measures or atmospheric
ratio in correspondence of the coasts and an overestimatiosoundings are available, it is possible to make RAMS assimi-
of similar extent of the inland part of the domain. late these data inside its boundary conditions with a nudging
The comparison between the runs in terms of spatially-procedure. A number of runs in which RAMS assimilated
averaged cumulated precipitation in the whole four monthsmeasures from the available ground sensors have been per-
long period is presented in Fig. 8. In the control run andformed. The results showed that, despite the large quantity
in the coupling experiment the precipitation periods resultof measures available, there have been no significant effects
essentially the same; no significant changes either in temen the atmospheric simulation, confirming the added value
poral distribution and in total precipitated volume are ob- given by the satellite estimations of LST.
served. This can be explained with the dominant role of Animportant variable for the characterization of the lower
the lateral boundary conditions, that have not been modifiecatmosphere is the height of the planetary boundary layer. For
by the coupling, in providing the availability of atmospheric the latitudes of the domain of this study the PBL height varies
moisture. In both simulations RAMS generated more precip-from some tens of meters during nocturnal period up to 1.5—
itation events, while the coupling procedure led to a slightly 2 km at the midday peak in a sunny day (Stull, 1988). The
smaller quantity of total precipitation. PBL height computed in the control run of RAMS showed
In Fig. 9 the cumulated daily precipitation maps for 7 July unrealistic high values, reaching a maximum of 4 km above
are represented. While the cumulated curves (Fig. 8) do nothe surface, while the mean values of the diurnal peaks is
show significant differences between the runs, both simulaabout 2.5km. The coupled run produced much lower PBL
tions produced spatial patterns very different from the obserpeaks with mean height equal to about 1-1.5 km, much more
vations. In the panel (a) (observed rainfall), the most partsimilar to the expected values for a mid-latitude region.
of the precipitation is concentrated on the west coast of the As a further characterization of the precipitationieay-
domain. On the opposite, both atmospheric simulations geneling ratio analysis was carried on. As stated in Sect. 1, the
erated sparse low-intensity rainfall on the whole domain withfeedback processes in terms of water exchanges between the
higher rainfall height in the north-eastern region in the con-soil and the atmosphere are of major importance for the cli-
trol run (panel b) and some minor events in the coupled runmate studies. A possible characterization of these feedbacks
(panel d). is given by the precipitation recycling, that is a measure of
The different behaviour in space and time of the precip-how much evaporation in a continental region contributes to
itation can be explained considering the different effects ofthe precipitation in the same region. It is commonly charac-
the lateral and the lower boundary conditions. Being theterized by the recycling ratio, that expresses the fraction of
size of the nested grid relatively small (about 40006km local-originated precipitation to the total precipitation in the
the moisture circulation of the domain is largely determinedconsidered domain (Burde and Zangvil, 2001).
by the lateral boundary conditions, that impose the humid- In this work the recycling model of Eltahir and Bras (1994)
ity advection (Seth and Giorgi, 1998). On the other side, thehas been employed. This model allows the computation of
convection is affected by the lower bound forcing that, by maps of thdocal recycling ratiop, defined, for a small area
means of the coupling with ACHAB, is completely replaced A A, as the fraction of precipitation originated from evapo-
during the diurnal period. The combination of these two ef-ration from the whole domain of areion the total precip-
fects creates a situation in which the availability of atmo- itation that falls onAA. With this model, maps op and
spheric water is determined from without the domain, while estimates of the recycling ratiohave been computed on a
the conditions that can trigger the precipitation depend on thanonthly basis. In Fig. 10 the comparison betwgemaps
surface fluxes forcing (temperature and humidity at the surfor July in control run and coupled run is shown, while in Ta-
face, evapotranspiration fluxes, see for example Eltahir andble 3 the monthly values of the recycling ratio for the whole
Pal, 1996; Fabry, 2006; Yuang et al., 2007). The coupling ofperiod are reported.
the models, in this case, can affect only partially the dynam- The recycling ratio time series showed a net increasing in
ics of the atmospheric domain, but shows that also in such @he coupling experiment. Following the replacing of the sur-
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Fig. 7. Comparison between the air humidity maps expressed as mixing ratio for 2 August 2005 at midday. On the top-left panel the map
obtained from interpolation of the ground sensors is shown. On the right, the maps produced by the control run (top-right panel) and the
coupled run (bottom-right panel) are present. In the bottom-left panel the location of the ground sensors is present.

Summer 2005 (June 1 - September 30)

E 300 Table 2. Monthly cumulated rainfall height for control run and for

% Qhsenyations coupling experiment. The whole domain has been considered.

g 200 Coupled run —

= o Cumulated rainfall height [mm]

3 e Run June July August September Total

E | ! 1 |

3 % 20 40 60 80 100 120 Observations 33.8 61.1 69.7 51.4 216

[days] Control run 525 36.7 31.8 73.4 194.4

Fig. 8. Comparison of the cumulated rainfall height for summer Coupledrun 452 30.8 37.4 63.1 176.5

2005. Time series of the measures (black line), of the results of the
control RAMS run (blue) and of the coupling experiment (red) are

shown. The whole domain has been considered. Table 3. Monthly-averaged recycling ratio for the whole period for

control run and for coupling experiment. The whole domain has
been considered.

Monthly-averaged Recycling ratio [%]

Run June July August September
Control run 72 26 3.9 7.5
face energy budget, the coupling with ACHAB resulted in Coupledrun 17.1 7.6 125 14.1

an increase of the relative importance of evaporation fluxes
in the economy of the precipitation. The result is confirmed
by the fact that the total rainfall volumes were substantially
unchanged (see Fig. 8 and Table 2), while the latent heag Conclusions

fluxes considerably increased (Fig. 3). The recycling ratio

maps show also a change in spatial patterns: while both mapghe different components of the energy balance at the land
show an increasing of eastward, the coupled run produces surface are recognized as fundamental quantities in many
a different spatial distribution. Due to the fact that the infor- hydrological and meteorological problems. In particular, it
mation necessary to produce these maps comes from evafs largely argued that surface evaporation fluxes may have
oration and wind fields, the differept maps show how the strong influences on the atmospheric processes that lead to
introduction of different lower boundary conditions led to a precipitation, as a mean of feedback from soil-moisture.
change in the atmospheric circulation in the domain. From this point of view the remote sensing technologies
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Fig. 9. Maps of daily cumulated precipitation (in mm) for 7 July 2005. On the top-left panel the map obtained for interpolation of the ground
rain gauges is shown. On the right, the maps produced by the control run (top-right panel) and the coupled run (bottom-right panel) are
present. In the bottom-left panel the location of the rain gauges is present.
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Fig. 10. Maps of the local recycling ratio for control run (left) and coupling experiment (right) for July 2005.

allow to map a number of surface-related characteristics oomospheric control simulations have been almost completely
large areas. Consolidated data assimilation techniques, likeliminated, while the computed RMSE has been reduced of
the one utilized in this research, allow to retrieve variablesabout 50% following the coupling. Different spatial patterns
of interest that can characterize these surface phenomena lof these near-surface variables have been obtained, with re-
merging data and theoretical models. markable improvements for what concern the air humidity
The present study introduced a coupling framework inat 2m above the ground. The accurate reconstruction of the
which the ACHAB model, that assimilate remotely sensedsurface energy fluxes, which enter as lower boundary con-
maps of LST in order to characterize the surface energy budditions for the atmospheric model, brought improvements in
get, and RAMS, a non hydrostatic limited area atmospheriche vertical characterization of the atmosphere.
model, interact. The land-surface interactions inside this Significant changes in the spatial patterns of the precipita-
two-models setup has been analysed with special focus otion have been also observed after including the data assimi-
different lower boundary conditions. lation, even though the temporal distribution of the rainfall
The results showed that the substitution of the surface enevents was substantially unchanged. This result was con-
ergy budget changed significantly the behaviour of the atmodfirmed by the estimated global and local recycling ratio, that
spheric model, particularly at the ground surface. The cou-showed noticeable increasing and change in spatial pattern
pling led to improvements in RAMS performances in terms when coupling was introduced.
of reconstructing surface variables such as air temperature As further result of the work, the coupling procedure can
and humidity. In particular, strong biases present in the atalso be viewed as an assimilation framework that allows
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the atmospheric model to assimilate measurements of sui€aparrini, F.: Latent and Sensible Heat Fluxes from Remote Sens-
face variables, both from ground stations and satellite. This ing of Land Surface, Ph.D. thesis, Univessidegli Studi di
procedure is nominally available in RAMS, but experiments ~Padova, Universit degli Studi di Firenze, Firenze, 2001.

effects on the results of the simulation. of soil and vegetation turbulent transfer and heat flux parameters

] from sequences of multisensor imagery, Water Resour. Res., 40,
In conclusions, the study showed the performances of a \y12515 doi-10.1029/2004WR003358. 2004.

coupling framework between a surface budget model that ascotton, W. R., Pielke Sr., R. A., Walko, R. L., Liston, G. E.,
similates LST and an atmospheric model. Previous works de- Tremback, C. J., Jiang, H., McAnelly, R. L., Harrington, J. Y.,
scribed coupling experiments between atmospheric and sur- Nicholls, M. E., Carrio, G. G., and McFadden, J. P.. RAMS
face energy budget models were carried out (Dudhia and 2001: Current status and future directions, Meteorol. Atmos.
Chen, 1999; Haggag et al., 2008). With respect to them, Phys., 82(1-4), 5-29, 2003.

the present study introduces the replacement of the surfacgrago, R. and Brutsaert, W.: Daytime evaporation and the self
module of the atmospheric model with a simplified scheme preservation of the evaporative fraction and the Bowen ratio, J.
that includes an high resolution LST assimilation in a com- _ Hydrol., 178, 241-255, 1996.

lex oroaraphy domain. Future researches will focus on theDickinson, R. E.: The force-restore model for surface temperatures
P grapny ; and its generalizations, J. Climate, 1, 1086-1097, 1988.

extensi(_)n of the analysis to larger domains Copsidering als’(budhia, J. and Chen, F.: Using a Mesoscale Model Coupled to a
comparison with available atmospheric soundings. The use | ang.surface Model to Simulate Surface Fluxes at High Reso-
of complete land-surface scheme will be included into the ytion , Proceedings of Ninth ARM Science Team Meeting, San
assimilation framework. Due to the fact that the coupling  Antonio, Texas, 22—26 March 1999.

is possible trough quite simple changes to the code of any¥agleson, P. S.: Ecohydrology: Darwinian Expression of Vegeta-
atmospheric model, it is possible to adapt the procedure to tion Form and Function, Massachusetts Institute of Technology,
other atmospheric numerical codes. Future studies could be Cambridge University Press, New York, Cambridge, MA 02139,
carried out on the possibility to utilize the coupling opera- USA, 443 pp., 2002.

tionally as a reinitialization procedure for the near-surfaceEtanir, E.A. B.and Bras, R. L. Precipitation recycling in the Ama-
zon basin, Q. J. Roy. Meteor. Soc., 120, 861-880, 1994.

variables. Eltahir, E. A. B. and Pal, J. S.: Relationship between surface con-
ditions and subsequent rainfall in convective storms, J. Geophys.
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