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Abstract. Temperature data recorded in 2002 and 2003 at 10nversions and proxy data (Briffa and Osborn, 2002; Esper
stations out of the 70 available in the Romanian automaticet al., 2002, 2004; Mcintyre and McKitrick, 2005; Hegerl
weather stations network are presented and analyzed in termes al., 2007) triggered investigations of the basic assumptions
of the heat transfer from air to underground. The air temper-of the geothermal method, i.e. a purely conductive regime
ature at 2m, the soil temperatures at 0, 5, 10, 20, 50 an@nd a strong air-soil temperature coupling (Galez-Rouco
100 cm below the surface as well as rain fall and snow covetet al., 2003, 2006; Mann et al., 2003; Mann and Schmidt,
thickness have been monitored. The selected locations san2003; Chapman et al., 2004; Pollack and Smerdon, 2004;
ple various climate environments in Romania. PreliminaryPollack et al., 2005).

analytical modelling shows that soil temperatures track air The role of a variety of processes, such as snow cover vari-
temperature variations at certain locations and, consequentlation, land cover changes and precipitation, influencing the
the heat transfer is by conduction, while at other stations prorelationship between air and ground temperatures and thus
cesses such as soil freezing and/or solar radiation heatinghe ground surface energy transfer, has been widely inves-
play an important part in the heat flux balance at the air/soiltigated (Putnam and Chapman, 1996; Schmidt et al., 2001;
interface. However, the propagation of the annual thermalSokratov and Barry, 2002; Stieglitz et al., 2003; Bartlett
signal in the uppermost one meter of soil is mainly by con-et al., 2004; Smerdon et al., 2004, 2006; Bartlett et al., 2005;
duction; the inferred thermal diffusivity for 8 stations with Nitoiu and Beltrami, 2005; Trenberth and Shea, 2005).
continuous time series at all depth levels ranges from 3 to - Although the Earth’s response to the energy transfer at the
10x10~"m?s7L, surface is related to the surface air temperature (SAT), the
ground surface temperature (GST) is an integral of the effects
of air temperature variation, vegetation and snow cover vari-
ations, phase changes and solar radiation changes at the soil
surface (Oke, 1987). The process of heat transfer within soils

Reconstruction of past climate changes from geothermal datls important for correct interpretation of the climatic signal
has proven, in the last decade, to be an additional sourC_gxtracted from geothermal data. There are a number of stud-

of information to complement meteorological and proxy '€S at mid-latitude, from Wherg most of the borehole temper-
records of climatic change (Harris and Chapman, 199g:2ature logs come (e.g. Beltrami and Keliman, 2003; Smerdon
Huang et al., 2000; Serban et al., 2001; Beltrami, 2002;€t &, 2003, 2006). . S .
Pollack and Smerdon, 2004: Géiiez-Rouco et al., 2006: Using a one-dimensional finite difference numerical
Stevens et al., 2007). The interest in this method lies in thenodel to generate the soil temperature variations in the upper
fact that it examines a direct measure of temperature, free ofirSt meter of the ground, Schmidt et al. (2001) and Beltrami
problems caused by the conversion of proxy data to temper(2001) showed that during winter, the process of heat con-
atures. duction is disturbed by the presence of snow cover and by

The controversy regarding the magnitude of climate vari-the freezing and melting of soil water. Mainly in open field
ability during the last millennium revealed from borehole &r€as, processes arising from precipitation, water movement
or infiltration influence the subsurface heat transfer regime

Correspondenceto: C. Demetrescu throughout all seasons. This leads to non-conductive heat
(crisan@geodin.ro) transport that affects the soil temperature profiles (Trenberth

1 Introduction
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Fig. 1. Location of the 10 stations of the Romanian automatic _. . _—
- . O’:lg. 2. Daily-averaged temperatures for Bistrita for the years 2003
weather stations network (black squares) used in the present stu ly o : : L -
(The Romanian map was modified from www.maps.com) nd 2004: air (black line), soil surface (red), 5 cm within soil (light
P ‘Maps. ' green), 10cm (yellow), 20cm (blue), 50 cm (brown) and 100 cm

(dark green).

Table 1. Mean annual climatic conditions in the 2003—2004 period

at the meteorological stations.
tions. An effective thermal diffusivity of the upper meter of

Station SATPC) GSTEC) Rainfall(cm) Snow fall (cm) soil was obtained.

Adamclisi 11.07 11.88 57.50 35.4

Bistrifa 8.72 9.66 60.76 95.65

Oradea 10.60 11.14 61.92 48.55

Resita 10.58 10.62 77.87 30.60 2 Data

Roman 9.21 10.47 46.32 34.15

SatuMare  9.93 11.10 57.49 46.90 The Romanian National Meteorological Administration net-
Slobozia 11.01 12.60 5451 36.90 . . . .
Tg. Jiu 10.91 1215 82.80 84.90 work comprises 70 automatic weather stations evenly dis-
Tg. Mures 9.05 10.19 55.94 72.35 tributed over the country. Each station is equipped with
Vaslui 9.75 10.77 52.16 58.45 MAWS 301 Vaisala measuring systems that are designed to

measure the atmospheric pressure, air temperature, relative
humidity, wind speed and direction, liquid precipitations,
as well as global, net and diffuse radiation. At mountain
and Shea, 2005). These processes make modelling of theeather stations an ultrasonic device is used to measure the
near surface ground temperatures more difficult. snow depth; at low altitude stations, the soil temperature is
In the last few years, a new automatic weather stationmeasured using a QMT 107 system. The soil temperature
network in Romania has been established and is likely tosensor QMT 107 is constructed of a glass fiber tube filled
produce a continuous and homogeneous data set for a tewith epoxy in which resistive platinum probes (Pt-100) are
ritory characterized by lateral climatic variability i§fea et ~ embedded at appropriate locations. The accuracy of the air
al., 1979; Boroneant et al., 2004). This dataset can be used t@nd soil temperature records is better tHeh2 K. All sta-
clarify some of the aspects of the heat transfer at the Earth'éions are located in open field and thus exposed directly to
surface. In the present paper we analyze the heat transfer iifie sun.
the uppermost meter of soil using air and soil data tempera- In this study, air (2m) and soil temperature at six depth
ture recorded daily at 10 stations from Romania during a twolevels (0, 5, 10, 20, 50, 100 cm) recorded at 10 locations in
year period (2003—-2004). the Romanian automatic weather station network (Fig. 1), in
We examine the character of the soil heat transfer regime a2003 and 2004, were used. The stations were chosen to uni-
two temporal scales: firstly by looking at the fit between the formly cover the Romanian territory and thus to sample the
soil temperatures simulated with a simple conduction modeimain climatic areas of the territory. The mean annual SAT
and the measured data at the inter-daily temporal scale, anand GST, as well as the total annual precipitation and snow
secondly, at the annual variation scale, in terms of perfecthickness for each meteorological station for 2003 and 2004
sinusoidal functions of time describing the observed varia-are given in Table 1. The mean daily SATs and GSTs were

Clim. Past, 3, 637-645, 2007 www.clim-past.net/3/637/2007/
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Fig. 3. Isotherms of daily-averaged temperatures for Bistrita, F19- 4. Isotherms of daily-averaged temperatures for Satu Mare,
Adamclisi, Oradea, Resita and Roman stations, for the years 200$lobozia, Tg. Jiu, Tg. Mures and Vaslui stations, for the years 2003
and 2004. and 2004.

. ation of the high frequency temperature fluctuations and the
calculated by averaging the temperature vallies measured 8ltenuation of the annual variation as the signal is propagated
lam.,7am., 1p.m.and7p.m., local time. into the ground, the phase shift with depth of the temperature

Itis generally accepted that GST is higher than SAT (Bel-wave, as well as the “heat-valve” effect (heat flows down-
trami and Kellman, 2003), and the Romanian stations makegyards in summer, while in winter it flows towards the Earth
no exception as it can be seen from Table 1. This was dissurface) and the zero curtain effect (negative temperatures
cussed by Demetrescu et al. (2006) in greater detail. Howgannot be found in the ground until the water in the soil com-
ever, problems related to the definition of the ground sur-pletely freezes) (Beltrami, 2001; Kane et al., 2001). Large
face temperature in the measuring system, which we becamgeriods of missing data can be noticed for Adamclisi, Resita
aware of later and have not been clarified yet, prevent us usand Roman stations.
ing the corresponding data set in the present paper. Throughout the year, many non-conductive processes in-

The analysis was performed for each of the ten stationsfluence the heat transfer at shallow depths. During winter,
but in the following we show results only for Bistrita be- phase changes occurring at the release or absorption of heat
cause it has continuous records available. The daily averthrough freezing or melting respectively, lead to a decoupling
age temperatures recorded at Bistrita are illustrated in Fig. between surface and deep soil temperatures. Figure 5 shows
as time series. The daily average temperatures recorded atcomparison of the daily mean air temperatures measured at
all stations are illustrated in Figs. 3 and 4 as isotherms orBistrita during the winter season of 2003-2004 and the be-
temperature/depth/time plots. One can easily see the attenginning of spring (spanning approximately from the end of

www.clim-past.net/3/637/2007/ Clim. Past, 3, 637-645, 2007
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Bistrita station for the winter season 2003-2004. The bottom panef0 January 2004 to 25 February 2004. During this period,
shows the daily snow thickness (cm) for the same period of time. While SAT decreased to as much-a$8.8°C, because of the
thick layer of snow and because of the buffering effect of
the upper layer of soil, the 5cm soil temperature has never
October 2003 until middle March, 2004) with the soil tem- decreased to less thanl.5°C, and the 20 cm soil tempera-
peratures recorded at 5 and 20 cm in soil. Daily snow covefture has not decreased belevd.1°C. In contrast, in periods
thickness for the same period of time is represented in thevithout snow cover, the temperatures at 5cm and 20 cm de-
bottom panel of Fig. 5. creased to-4.6°C and—1.5°C respectively, when SAT at-
The zero-curtain effect is obvious in days when no or little tained a minimum of only-11.4C.
(1-2 cm) snow cover is present on the ground. For the time Figure 6 shows the daily temperature differences calcu-
interval 27 December— 16 January, as SAT decreases belol@ted for the period 28 October 2003 and 15 March 2004
0°C and the surface layer is freezing, latent heat is releasedsing the measured SAT and soil temperatures at 5¢cm (red
heat that delays the downward penetration of the freezindine). For comparison, Fig. 6 also shows (black line) the daily
front (Kane et al., 2001). As long as the volume of water temperature differences between 5 and 10 cm. The negative
contained in the soil does not freeze, the temperature is keglifference for the SAT-5 cm layer clearly shows the isolation
constant near zero; the transition layer is called zero-curtairef the shallow soil from the surface temperature variations
(Kane et al., 2001). The layer of soil beneath this region isduring the presence of the snow layer and the cooling of the
isolated from the cold temperature of the soil surface. Onceground during the zero-curtain period. The greatest negative
the soil water is converted to ice, the freezing front prop-temperature difference for the 5-10 cm layer is on 9 January
agates fast (thermal conductivity of ice is 2.25 Whi 1 2004 and shows the net cooling of the ground after the clo-
while the thermal conductivity of water at room temperature sure of the zero-curtain period (Romanovsky and Osterkamp,
is 0.60 WnT1 K1 (Carslaw and Jaeger, 1959)) through con- 2000).
duction to deeper levels. Thus, as the air temperature de-
creases below the freezing level on 3 January 2004, because
of the zero-curtain effect the freezing front penetrates at 5 cng  Heat transfer regime in the subsurface
only 2 days later, on 5 January 2004, and the soil tempera-
ture at 20 cm decreases beloonly on 9 January 2004. 3.1 Inter-daily variation: analytical modelling using step
The magnitude of the cold front propagating downward de- functions
creases both because of the zero-curtain and the low thermal

diffusivity of the soil. In a 1-D case and a purely conductive medium, variations of
The air and deep soil temperatures relationship is alsasurface temperature propagate into the ground according to
influenced, during the winter months, by the presence ofthe equation:
show cover (Grundstein et al., 2005). At Bistrita station (see
Fig. 5), the ground was covered by a snow layer having agr(z, r) 32T (z, 1)
i ime per i =« (1)
thickness of at least 5 cm for the time period spanning from™ - 972

Clim. Past, 3, 637-645, 2007 www.clim-past.net/3/637/2007/
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wherex is thermal diffusivity, and; is depth taken positive
downwards.

If the variations of soil surface temperature are modelled
as a series ofV temperature changes, then the subsurface
temperature signals from each step change are superimpose
and the temperature perturbation at depth (Carslaw and
Jaeger, 1959)

— k=04*10"m’"

k=02*10°m’s’"

= T T T T T T
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Time (days)

Fig. 8. (a)Heat transfer from 50 to 100 cm: measured and modelled

N
z Z
T(z,t) = T, [erfc( ) —erfc (—>:| (2)
I;l " 2\/kty 2\ /kty—1 daily 100 cm soil temperatures at Bistrita for 2003, using different
values of thermal diffusivity for the 50-100 cm layer of so{b)

where erfc is the complementary error function. The misfit between the measured and modelled temperatures for
Modelling temperature variations with Eq. (2) and com- two thermal diffusivities: 0.2 106 m?s 1 and 0.4<10-¢m?s~1.
paring them with the recorded temperatures can show devia-
tions of the transfer of heat from a purely conductive regime.
Taking as a forcing function the daily mean air temperatureeffective thermal diffusivity of the first meter of soil varies
variation with respect to the first recorded temperature (26accordingly.
January 2003), we generated the 5cm soil temperature vari- At deeper levels processes mentioned above should dimin-
ation for thermal diffusivity ranging from 0410 %m?s-1 ish inimportance. Taking as a forcing function the 50 cm soll
to 0.5x10°°m?s~1 (see Fig. 7). Whatever thermal diffu- temperature variation with respect to the measured value on
sivity value is used, the pure conduction model is not able6 February 2003 (there are missing data in January between
to reproduce the actual temperatures recorded over an entifecm and 50 cm depth due to recording system mal-function),
year interval. The lack of model sensitivity to the range of we generated the soil temperature time series at 100 cm for
diffusivities is not surprising given the fact that the signal is 2003, using different values for thermal diffusivity. Figure 8
diffusing through 5 cm of the subsurface and only very largeshows a comparison of the modelled temperatures with the
differences in diffusivity would yield significantly different measured ones. The best fit (rms errorii.77 K) is ob-
results. However, such a large range is not supported byained for a thermal diffusivity of 0,410 °m2s-1, a value
observations on shallow soil diffusivity (e.g. Nitoiu, 2005; close to ones in Table 2, derived using sinusoidal functions
Yoshikawa et al., 2003). The discrepancy is large in winter(next section). Heat conduction is the dominant heat-transfer
and summer, when processes such as freezing or evaporationechanism in the 50-100 cm depth range only in winter and
of the water content imply latent heat contribution and evapo-spring. In summer and autumn, measured temperatures at
transpirative cooling, respectively. A snow cover effect is su-1 m are systematically lower than the predicted ones, prob-
perimposed on latent heat effects (see previous section). Thably because of evapotranspirative cooling and convection.

www.clim-past.net/3/637/2007/ Clim. Past, 3, 637-645, 2007
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Fig. 9. Recorded precipitations at Bistrita for 2003. With red line
we represented the 10 days average precipitations.

Another factor which might intervene is the soil water con-
tent, which varies in the course of a year. A comparison
with the recorded precipitation (Fig. 9) shows that the mis- -10 1
fit increases after a significant increase in precipitation. Be-

tween 4 September and 15 October 2003, the best fit betweel ¢ , : , : , : ,

Temperature (°C)

the measured and modelled temperatures is obtained for 0 100 200 300 400 500 600 700
thermal diffusivity of 0.2<10°8m2s~1 (rms difference of .
4+0.50K), while the rms difference i40.91 K when using Time (Days after January 1st, 2003)

a thermal diffusivity of 0.410-°m?s~1. These show that, _ _
at the day to day scale, the effective thermal diffusivity of the Fig. 10. Daily SAT and 100cm soil temperatures recorded at

first meter of soil is variable during the course of a year. Bistrita station for 2003 and 2004. The sinusoidal function fit is
illustrated with red line.

3.2 Annual variation: Analytical modelling using sinu-
soidal functions The time-dependent soil temperature fluctuation at depth
z is then described by Carslaw and Jaeger (1959):

We spectrally decomposed the air and soil temperature series ) )

using Fourier analysis. The dominant signal is the one year (2, 1) = To+AT exp(—z\/;> COS(a}t - z\/; + 6)(4)
period variation, and as expected, the power of the annual

signal decreases with depth. The amplitude of the soil temperature fluctuation at depth

w

To assess the character of heat transport at the annual timeiS A(z)=AT eXP(—Z\/%- The amplitude of the soil tem-
scale we use the method described by Hurley and Wiltshirgperature variation decreases tge 1of its surface value at

(1993) and applied by Smerdon et al. (2003) to data fromthe depthd :\/%_ The phase difference between temper-

North America. o .
o . ) ] ature variations at the surface and any depth given by
On a certain time scale, if the air and soil temperature se-

= /2
ries can be assumed as sinusoidal functions of time, the sut =%/ 2 . )
face temperature varies according to The amplitude and phase of the annual signal were calcu-

lated fitting the signal with a cosine function:
T(0,1) = To+ AT coSwr + ) () B +acos<27nt +C> ©)

whereTp is the mean temperaturd 7T is the amplitude of where the parameters are the mean temperagyy¢he am-
the sinusoidal oscillationy is the angular frequency, ard  plitude, a, the period of oscillation), and the phase;. An
is the initial phase of the oscillation. example is illustrated in Fig. 10 for the Bistrifa station. One

Clim. Past, 3, 637-645, 2007 www.clim-past.net/3/637/2007/
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o 2.8 Table 2. Amplitude of annual surface temperature? @, and ther-
st mal diffusivity k4 andy, in 107" m?s~1, for the first meter of
E 26 - soil obtained from the sinusoidal treatmertis the average ther-
o - mal diffusivity ((x 4 +xp)/2).
=
G , -
© 2.4 A Station Agurface(fitted) x4 K K
S o
= Adamclisi 13.48 436 3.33 3.89.52
YR Bistrita 14.23 489 416 4.50.37
%D Oradea 13.60 463 4.10 430.27
—_ Satu Mare 14.30 3.67 521 44#40.77
S 204 , _ Slobozia 14.83 9.89 8.81 9.39.54
% - hnfar regression Tg. Jiu 14.57 541 528 5.39.07
Z 95% confidence level Tg. Mures 14.87 2.94 250 23D.22
1.8 T T T T Vaslui 14.27 487 459 4.40.14
0.0 0.2 0.4 0.6 0.8 1.0
30 —
25 4 S ing data, Roman and Regsita stations could not be used for
—~ this analysis. There is a good correlation between the val-
2 20 A ues of diffusivity ¢2=0.843) obtained with the two regres-
Z s sion curves, but diffusivities computed from theArcurve
= 15 4 / are generally larger. The difference to their mean vaide (
i is less thant10%, except for Adamclisi and Satu Mare sta-
% 10 ) tions E13% and+17%, respectively,). A 10% variation of
é . k. implies a rms difference in the annual temperature sig-
nal propagating into the uppermost one meter of soil of less
S < linear regression than 0.2 K. This difference is negligible when compared to
o/ — 95% confidence level the amplitude of the annual temperature wave (aroui€12
0 1= . T T T at the surface and°T at one meter depth). At Adamclisi,
0.0 0.2 0.4 0.6 0.8 1.0 the marginally larger difference between and«g can be
explained by a weaker definition of the sinusoid for the depth
Depth (m) of 1 m, because of missing data. We do not have, however, a

Fig. 11. Natural logarithm of amplitude and phase shift relative to
the SAT as function of depth for Bistrita. The coefficient of deter-
mination of the regression line i€=0.996 and-2=0.990 for am-

satisfactory explanation for the Satu Mare case.

Conclusions

plitude and phase shift, respectively. The 95% confidence interval

is also included.

can easily see the attenuation with depth of the high fre-
quency oscillations that are present in SAT. At one meter
depth the measured signal is almost perfectly described by
a sinusoidal function-£=0.984).
To further investigate the conductive character of heat
propagation into the soil, we plotted the natural logarithm
(6]

of amplitude(ln A=In(AT)—z 2K> and the phase shift as

function of depth for Bistrita (Fig. 11). The linear decrease
with depth of the natural logarithm of amplitude and the lin-
ear increase with depth of the phase shift indicate conductive
dominated heat transport.

The slope of the linear regression of bothlz) ande (z)
gives an estimate of the thermal diffusivity, and«g, re-
spectively, for the uppermost one meter of soil. The results
for 8 stations are presented in Table 2. Because of miss-

www.clim-past.net/3/637/2007/

The Romanian weather network data show that:

1. The heat transfer down to one meter depth is influenced

by non-conductive processes such as phase changes.
The zero-curtain and the snow thermo-insulation effects
are present in data, as shown by recorded temperatures
to depths of 20 cm and derived thermal gradients;

2. Atthe daily time-scale, qualitative assessment by means
of perpendicular superposition of temperature records
at various depths shows the presence of non-conductive
processes disturbing an ideal conductive environment
down to 1m depth, though more pronounced in the

uppermost 50cm of the subsurface. Simple conduc-
tive models cannot reproduce recorded soil tempera-
tures during the freezing season or during the summer.
Incorporating latent heat contribution to the heat trans-

fer in the active layer is a necessary step;

Clim. Past, 3, 637-645, 2007
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3. At the seasonal time-scale, an effective variable ther- and underground temperatures as measured at automatic weather
mal diffusivity for the first meter could be defined. The  stations in Romania, Rev. Rom. GeOphys., 50, 99-106, 2006.
variation of the water content of soil was identified as a Esper, J., Cook, E. R., and Schweingruber, F. H.. Low-
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