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Fig. 7: Thermo-isopleths of the -0.5 m soil temperature at the upper tree line, (left) Logger 6 and (right) Logger 7 
Thermoisoplethendiagramme der Bodentemperatur (50 cm Tiefe) im Wald (Logger 6) und Biischelgras-Paramo (Logger 7) 
an der oberen Waldgrenze des Paramo de Papallacta 

4 Case studies on soil heat flux and soil temperature 

In order to test the hypothesis of soil heat flux 
reduction in the root zone due to canopy shading as 
formulated by KORNER ( 1998), but also to study the 
influence of different synoptic weather situations on 
soil temperature, two pairs of forest / adjacent grass 
Paramo (L I /2  and L 6/7) sites at the upper tree line 
were examined intensively. High resolution measure­
ments (temporal resolution I minute) of soil tempera­
ture, soil heat flux (-0.1, -0.3 and -0.5 m), soil vol­
umetric water content (-0.1 m) and solar irradiation 
were carried out for 10 days (9:00-18:00 LT) under 
different weather conditions. Additionally, air tempera­
ture, relative humidity, wind speed/ direction (2 m) and 
cloudiness were observed. 

4.1 Root zone (-0.1 m) heat flux 

The soil heat flux (Fig. 9) under a reference surface 
(short cut grass, no inclination, I 00% sky view) was 
measured for comparison purposes during a 24 h 
period of relatively calm and sunny weather with re­
duced cloudiness. Generally, soil heat flux in the root 

zone reflects the trend of solar irradiation with a time 
lag of approximately I hour. A comparable phase shift 
was also observed for bare soils in other studies (e.g. 
COLLIER et al. 1996). During daylight, the soil heat flux 
is positive, which means that flux is orientated from the 
soil surface downward to the root zone whereas it 
becomes negative at night, which marks a transfer of 
energy from the root zone to the soil surface and the at­
mosphere. The maximum downward flux of 34. 78 W 
m-2 is reached at 14: 18 LT, following a peak in global 
radiation of 1020 W m-2

. Two peaks of solar irradia­
tion in the afternoon are also reflected in the heat flux 
as a momentary weakening of the general decrease. 

Tab/,e 5: Forests at the upper tree line: Percent ef hours 2'. a given thres­
hold ef -0.5 m soil temperature. 
Prozentualer Anteil der Stunden 2'. bestimmter Schwellen­
werte der Bodentemperatur (50 cm Tiefe) 

Threshold 7 °C 6 °C 5°c 4 °c 

LI 0 52.9 1 00 1 00 
L3 0 0 5.0 64.9 
L6 0 0 33. 1 80.7 
L9 0 0 34.2 83.3 
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Fig. 8: Monthly averages of -0.5 m soil temperature 
Monatsmittel der Bodentemperatur in 50 cm Tiefe 

Finally, the soil heat flux of the root zone becomes 
negative almost abruptly after sunset with an absolute 
minimum at 6:00 LT, which implies that soil is cooled 
by nocturnal radiation. It should be noted that the flux 
balance in the root zone for the 24 hour period is neg­
ative, which means that more energy (-51.03 � m-2 

24 h-1) is transferred towards the soil surface than vice 
versa. Thus, a good correlation between global radia­
tion and soil heat flux can be assumed for a standard 
situation. This coincides with other studies which found 
a linear relationship between the sum of global radia­
tion and soil heat flux (-0.02 m) during daylight for 
short grass (KOITZSCH et al. 1 990). 

The daily course of soil heat flux in the root zone of 
the Paramo bunchgrass sites also follows the curve of 
global radiation (Fig. 10). However, the great variation 
of weather conditions during the selected days causes a 
corresponding variability in the -0.1 m soil heat flux 
(Tab. 6). The weather at sites L2 and L7 during March 
1999 was generally characterised by all-day cloudiness 

a (W/m2) H (W/m2) 

1 200 40 
- a  - H  

1 000 30 

800 Q: 1 2.63 MJ/m2 24h 20 
H: -51 .03 kJ/m2 24h 

600 1 0  

400 0 

200 - 1 0  

0 -1---,-----,--------,-----,------.�+ 
9 1 1  1 3  1 5  1 7  1 9  21 23 

Local Time 
3 5 7 

Fig. 9: Soil heat flux (--0. 1 m) and solar irradiation for a short 
lawn at Cumbaya (2400 m as!), Quito-Basin 
Bodenwarmefluss (in 1 0  cm Tiefe) und solare Strahlung 
for einen Rasen-Standort in Cumbaya (2400 m ti. NN) im 
Quito-Becken 
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Table 6: Selected observations during the case studies (refer to Figs. 12 and 13) 
Ausgewahlte Untersuchungen wahrend der Fallstudie (vgl. Fig. 12 und 13) 

Logger fQgrO fQ-,0 fH--0 10 t.H T-0. l a  T-- -0. l x  T2a 
MJ m-2 d- 1 MJ m-2 d- 1 kj m-2 d-1 kJ m-2 d- 1 °C °C °C 

T2x 
oc 

Cloud 
Octas 

Grass 
L2, 99 
L2, 00 
L7, 99 
L7, 00 
Forest 
LI, 99 
LI, 00 
L6, 99 
L6, 00 

9.32 
15.20 
4.12 

13.14 

14.23 
18.76 
8.14 

22.31 

2.52 
5.64 
0.69 
3.94 

115.9 
62.6 
9.8 

23.5 

89.9 
-55.6 
-4.6 

133.3 

10.90 
15.62 
3.87 
8.89 

12.1 
3.9 
5.49 

10.68 

8.1 
5.4 
6.7 
7.5 

7.0 
4.4 
5.5 
3.3 

8.6 
6.5 
6.9 
7.8 

7.8 
4.5 
5.7 
3.8 

6.4 
9.0 
6.0 
7.6 

10.1 
4.7 
7 . 4  
8.0 

9.3 
12.4 
9.6 

10.5 

22.7 
6.4 

13.9 
13.5 

5.8 
5.3 
3.6 
7.4 

8.8 
12.8 
3.4 
7.8 

7-8 
0--7 
7-8 
0-8 

3-8 
1-8 
7-8 
1-6 

d = 9:00 - 18:00 LT, a = daily average, x = daily maximum, gr = grass, fr = forest ground 

(7-8 Octas), drizzle and rain as well as relatively cold air 
temperatures (mean - 6  °C) and reduced wind speed. 
On 1 4th March, periods of increased direct radiation 
are restricted to cloud gaps. The two peaks in radiation 
can be also detected for the soil heat flux with a delay 
of approximately I hour at around 15:00 and 1 6: 40 LT. 

An absolute cloudy situation was obtained seven days 
later (2 1 March 1 999) on site L 7 where predominantly 
diffuse radiation was available. Hence, soil heat flux in 
the root zone oscillates around O W  m-2. 

In contrary, the two days injuly 2000 were character­
ised by a high intensity of solar radiation, increased air 
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Fig. 10: Soil heat flux (-0.1 m) and temporal sum of global radiation for the bunchgrass sites (L 2 and L 7) 
Bodenwarmefluss (10 cm Tiefe) und Globalstrahlungssumme von zwei Standorten des Btischelgras- Paramo 



270 Erdkunde Band 55/2001 

Qgr 

20 - Qfr 

- H  
1 5  

1 0  

5 

Logger 1 

03- 1 2-99 1 400 

1 200 

1 000 

__.�----l 800 

600 

O +---Hl!l'ff!-:H\,1/-JJ--lf-!::.,lff---,,-,---+.--i!+'C......:..-+-'-.l..-------{ 400 

-5 

9 10 1 1  1 2  1 3  14 15 16 1 7  

H (W/m2) 
25 

Qgr 

20 - Qfr 

- H  
1 5  

1 0  

5 

LT 

07- 1 6-00 

200 

1 400 

1 200 

1 000 

800 

600 

0t;�i,t�i��tltH�iml��nr �,t==:::� 400 

-5 200 

�����.'._..::..:_�'..::'....._:_:_:_����� 0 
9 1 0  1 1  1 2  1 3  1 4  

LT 
1 5  1 6  1 7  1 8  

Qgr 

20 - Qfr 
- H  

1 5  

1 0  

5 

Logger 6 

03- 1 5-99 1 400 

1 200 

1 000 

800 

600 

0 1::::�=,�➔
?:1r---7=i��

1--1
400 

_r\ I 200 
· � -5 /' 

1--�"""f==r===;:::,=��'r>--==r'"'--,�=l- 0 
9 1 0  1 1  1 2  1 3  1 4  15 1 6  1 7  1 8  

Qgr 

20 - Qfr 

- H  
1 5  

1 0  

LT 

07- 1 7-00 1 400 

1 200 

1 000 

600 

o -Hlll!l!l�W,"1fll1�1t-hJ+-ri-LWl--*---t 4oo 

� \J\ 

5 \JI 

-5 ).___� 
200 

���.:;__:_:__:,���������4 o 

9 1 0  1 1  1 2  1 3  1 4  1 5  
LT 

1 6 1 7  1 8  

Fig. 11: Sky view and soil heat flux (-0.1 m) for the forest sites (LI & L6) as well as temporal integrated values o f  global radia­
tion in and outside the forest 
Horizontblick und Bodenwarmefluss (IO cm Tiefe) fur zwei Waldstandorte sowie zeitlich integrierte Werte der Global­
strahlung im und auBerhalb des Waldbestandes 

temperature, less cloudiness and slightly increased wind 
speed (Tab. 6). Due to clear nights, the soil heat flux in 
the morning hours is significantly lower than in March 
1999. Hence, the maximum of soil heat flux on both 
days is reached with a delay of approximately three 
hours compared to the maximum of global radia­
tion which is rather strong until noon. However, this 
weather situation causes a well developed thermal wind 

system so that up-valley winds from the Quito basin 
(SW-W) replaced the south-easterly stream flow of the 
morning hours from 11 :00 to I 7 :00 on 18th July. On 
I 9th July, up-valley winds between 13 :00 and 16 :00 LT 
caused deep convection, increased cloudiness and a 
snow-hail shower as well as sleet in the afternoon. As a 
result, the heat flux in the root zone was higher on 18th 

July than during the next day. 
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Although the daily course of soil heat flux in the root 
zone is similar to the development of global radiation, 
the comparison of daily integrated values of global ra­
diation U �0) and the daily amplitude of soil heat flux 
(AH) do not show such a clear relation . A correlation 
yields only r2 = 0 . 15. On the other hand, the mean air 
temperature (T2a) shows a significantly stronger corre­
lation (r2 = 0. 69) with the AH. Hence, the air temper­
ature seems to be more important for the soil heat flux 
in the root zone: The lower the mean air temperature, 
the lower the daily amplitude of soil heat flux . How­
ever, the average air temperature itself is highly cor­
related (r2 = 0.84) to the daily integral of global 
radiation, which means that not the radiation at one 
specific point but the increase in air temperature in a 
wider area ( or synoptically induced cooling) seems to 
dominate the soil heat flux at a single point. 

The same comparison is performed for the forest 
sites L l and L 6  (Fig. 11; Tab. 6). As expected, the rela­
tion between the daily course of root zone heat flux and 
solar radiation on the forest ground is less significant 
than was obtained for the bunchgrass sites. Site L l is 
characterised by a lighter canopy layer (sky view = 

28.5%) which is more dense for L6  (sky view = 14.2%). 
Consequently, the integrated solar radiation reaching 
the forest ground UQ-r0/fQgr0) is lower at site L6  com­
pared to site L1 during both cloudy (March 99, L1 = 
1 7. 7 % , L6  = 8.5 % ) and sunny conditions (July 00, L 1 = 

30.1  % ,  L6  = 17.7%) (Tab. 6). Like the relation of sky 
view for site L l :L6, the relation of radiation reaching 
the ground is approximately 2: 1. One hypothesis, 
which is discussed by KORNER (1998), that restrictions 
in sky view due to increasing canopy density should 
reduce soil heat flux and lead to a colder root zone can­
not be confirmed completely, especially accounting for 
single day observations (Tab. 6). Although L6  has a 
denser canopy and radiation at forest ground was 
decreased on 1 7th July in comparison to site L 1 ( 16th of 
July), L6  revealed a higher integrated sum and a higher 
daily amplitude of soil heat flux . Nevertheless, the root 
zone soil temperature was lower under site L6. The 
strongest correlation between mean daily air tem­
perature and soil heat flux amplitude (r2 = 0.8) again 
points to the close relation of these parameters, 
whereas the correlation to the average root zone tem­
perature is significantly weaker (r2 = 0.35). This can be 
explained by the weather situation . On 16th July, the soil 
heat flux is negative most of the day, which means heat 
is transferred from the root zone to the forest ground 
(Fig. 11 ). The mean air temperature outside the forest is 
similar to the root zone temperature on the forest 
ground and it is likely that the mean air temperature is 
colder under the canopy most of the day. Therefore the 

gradient between soil and air seems to initiate heat 
transfer from the soil to the forest atmosphere. Addi­
tionally, soil-atmosphere heat transfer is amplified by 
strong turbulence caused by cold SE-trades with high 
wind speeds up to 12.8 m s- 1 . Soil cooling, which is 
initiated by turbulence, was also proven as an important 
parameter for the development of soil temperatures in 
the root zone during other studies (GREEN et al . 1984). 

On the following day, the air temperature was sig­
nificantly higher than the root zone temperature in the 
forest and the wind speed was reduced, which leads to 
a positive soil heat flux, although solar radiation on the 
forest ground was significantly lower due to the reduced 
sky view at logger site 6 (Tab. 6). 

To summarise, the relation between root zone tem­
perature and heat flux is strongly dependent on the 
prevailing weather situation . During turbulent weather 
with air temperatures in the forest colder than root 
zone temperature, heat flux can become negative, even 
in the case of strong solar radiation . On calm radiation 
days however, the radiative warming of air tempera­
ture in a wider area seems to play the major role for a 
positive --0.1  m soil heat flux . Nevertheless, the mean as 
well as the maximum root zone temperature is lower 
beneath the dense canopy at site L6  for all days inde­
pendent of the -0. 1 m soil heat flux (Tab. 6). Similar 
results could be obtained for other woodlands (refer to 
MORECROFT et al . 1998). 

4.2 Soil heat.flux and soil temperature 

The influence of root zone thermal properties on 
deeper soil levels is presented in Fig. 12 for two bunch­
grass sites. On both days, a well developed daily ampli­
tude of -0. 1 m soil heat flux as well as of --0.1 m soil 
temperature is observed. Although there is no complete 
diurnal course of measurements available, the propa­
gation of the temperature waves agrees quite well with 
the theoretical time lag which is presented in Table 3. 
At site L2, delay between minimum and maximum 
-0.1 m temperature amounts to ~7 .5 h (7 . 6  h in Tab. 3) 
and for site L7 to ~ 6  h (5. 1 h in Tab. 3). Soil tempera­
ture at -0.5 m is constant throughout the day, but a 
slight decrease is observed for --0.3 m. The -0.1  m soil 
temperature increases more than at deeper layers in the 
afternoon between 14:00 and 16:00 LT. It should also 
be noted that the -0.3/--0.5 m heat flux is positive or 
oscillates around O W  m-2, which means that there is a 
predominantly weak energy flux from the soil surface to 
deeper soil levels. 

In contrary to the bunchgrass sites, the root zone 
temperature (--0.1 m) of the forests only slightly increas­
es later in the day and the maximum is not reached be-
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Fig, 12: Soil heat flux and soil temperatures for the grass Paramo sites 
Bodenwarmefluss und Bodentemperaturen fur Standorte im Gras-Paramo 

fore 1 8:00 LT (Fig. 1 3) .  At all depths, the daily ampli­
tude in soil temperature is lower in comparison with the 
bunchgrass sites. Although the ---0. 1 m heat flux can be­
come clearly positive (site L6), the heat flux at deeper 
levels remains negative, which means a flux direction 
towards the root zone. Consequently, the ---0.5 m soil 
temperature at both sites is warmer than at the root 
zone, which is opposite to the situation at the bunch­
grass sites. 

This effect cannot be due to thermal properties of 
the soil itself as reported in Table 3 because for in­
stance, both forest sites reveal a faster propagation time 
for a sine shaped heat wave than the bunchgrass site L2 . 
Consequently, the insulation of the soil surface due to 
the peat-like organic layer in combination with the 
reduced irradiation on the forest ground during the day 
and a reduced air temperature in the forest which is 
significantly colder than the soil temperature, especially 
during cold trade events, cause a reduced penetration 
depth of solar heating and the resulting colder soils in 
the forest. Thermal insulation by means of organic 
layers has been proven to produce significantly colder 
soils (up to 4 °C in comparison to sites without an 

organic layer) also during other studies (HOGG a. 
LIEFFERS 1 99 1  ) .  

Although only single day observations of the -0. 1 m 
soil temperature are available, the mean daily root zone 
temperature (9:00-1 8:00 LT) meets the required 
threshold temperature for root growth (>6-7 °C,  as 
presented in KORNER 1 998 for the Swiss Alps) on only 
one day (03- 1 2-99). The root zone temperature was 
significantly lower on the other days, also keeping in 
mind that mean temperatures would become still lower 
by accounting for measurements from 0:00-23:59 LT, 
which are currently not available (Tab. 7). 

5 Discussion 

The study has shown that the ---0.5 m soil tempera­
ture in forests at the upper tree line, which is often used 
to estimate the ecological heat capacity for tree growth, 
is significantly lower in the Paramo of Papallacta than 
is reported for other tropical sites. Additionally, it has 
been proven that the -0.5 m soil temperature is not 
constant in the course of the year but reached a distinct 
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Fig. 13: Soil heat flux and soil temperatures for the forest sites 
Bodenwarmefluss und Bodentemperaturen for Standorte im Ceja-Wald 

minimum at all sites in August 1999. Conspicuously, 
the temperature difference between open sites and the 
adjacent forests decreases during this minimum. There­
fore, it is most likely that the decrease of the soil tem­
perature difference between forests and the adjacent 
grass sites in August 1999 is due to a general change in 
the climate regime. Possible causes could be (1) a sig­
nificant decrease in air temperature due to a reduced 
irradiation in the area or a high frequency of cold 
trades, (2) an increase of turbulence due to constant 
high wind speeds or (3) a change in the soil moisture 
regime which can cause soil temperature variations of 
2-3 °C (WINIGER 1979). 

Evidence for a combined effect (1-3) is given by the 
synoptic situation in 1999. This year is characterised by 
an exceptional "La Niiia" episode after one of the 
strongest Super-El Nino 1997 /98 (BENDIX 1999) in 
this century. The cold Pacific event already began in 
October 1998, peaked in january to March 1999 and 
persisted until September 1999 (CPC 2000) . A La Nina 
situation is generally most likely to produce above­
average precipitation in the area of the Paramo of 

Papallacta (VUILLE et al. 2000). At the end of a La Nina 
event Gune to August), a higher frequency of cold 
trades and convective rainfall on the afternoon but 
frequently clear nights occur. Hence, rainfall data from 
Micacocha reveal a significant surplus of precipitation 
during the peak of La Nina Ganuary to March) which 
is followed by a dry period during April to August 1999 
(Fig. 14) when -0.5 m soil temperatures reach their 
minimum. As a result, the observed decrease of the 
-0.5 m soil temperature and the temperature difference 

Table 7: Mean dairy -0.1 m soil temperature (9:00-18:00 LT) for the 
forest sites 

Tagesmittel der Bodentemperatur in 10 cm Tiefe zwischen 
9:00 und 18:00 Uhr Ortszeit an zwei Waldstandorten 

Logger Sites Date Soil Temperature [0C] 

L l  03. 12.99 7.03 
L l  07. 16.00 4.38 
L6  03. 15.99 5.50 
L 6  07.17.00 3.39 
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Fig. 1 4: Precipitation at Micacocha (4000 m as!) and deviation from monthly mean (period 1 987-2000) (data: INAMHI) 

Niederschlage und ihre Abweichung von mittleren Monatswerten an der Station Micacocha ( 4000 m i.i. NN) fi.ir die Periode 
1 987-2000 (Daten: INAMHI) 

between forest and bunchgrass is probably due to the 
following scenario. Exceptional rainfall from Decem­
ber 1 998 to March 1 999 is the initial trigger of the soil 
temperature depression by soaking the deeper, nor­
mally dry horizons of the soils under both forest and 
bunchgrass. A study in the high Andes of Chile has 
proven that such a change in soil moisture provides a 
better heat conduction between soil surface and deeper 
soil levels (-0.5 m) (SCHMIDT 1 999). Because cloudiness 
is significantly increased during the peak of a La Nina 
situation, this cannot lead to a better heat transfer to 
deeper soil layers due to a lack of solar radiation. In the 
dissipation stage (April to August 1 999) however, the 
increased frequency of cold and turbulent trades cause 
an increased transfer of heat from the soil surface to the 
atmosphere. On the other hand, nocturnal radiation 
during clear nights in combination with the foregoing 
soaking of deeper soil levels can become more effective 

to initiate an increased heat flux from the deeper layers 
(-0.5 m) towards the soil surface. The combination of 
the described mechanisms is finally responsible for the 
decrease of the -0.5 m soil temperature in August at all 
sites. Obviously, nocturnal radiation losses are more 
enhanced for most bunchgrass sites due to a lacking 
insulation by the mossy and peat-like organic matter as 
well as the absence of sheltering canopies against 
nocturnal radiation. Therefore, the decrease of the 
-0.5 m soil temperature during the La Nina as well as 
other cold phases is generally stronger for bunchgrass 
sites than for forest soils. 

In conclusion, the thermal level of soils at a depth of 
-0.5 m at the upper tree line of the Paramo of Papal­
lacta is significantly lower with a mean temperature of 
4.8 cc than the reported values of 6-8.5 cc (MIEHE a. 
MIEHE 1 994) . Tree growth is therefore possible through­
out the year under generally colder conditions up to 
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4 1 00 m asl. The same seems to be true for the root 
zone (-0. 1 m) temperature. However, KORNER ( 1 998 b) 
found evidence for similar conditions at the upper tree 
line in Mexico. He observed average -0.1 m soil tem­
peratures of 5.4 and 4.8 °C for Anus forests at the 
lztacihuatl (3970 m asl) and the Pico de Orizaba 
( 4020 m asl), respectively. 

Especially the small difference between the -0.5 m 
soil temperatures of forest and bunchgrass sites in the 
Paramo of Papallacta, which is proven to be mainly 
due to the better insulation on the forest ground by a 
well developed organic layer, is of great importance for 
the discussion of the potential position of the upper 
timberline in the study area. It agrees with the hypo­
thesis which is given in LEGAARD ( l  992) and LAUER et 
al. (200 1 )  that the Grass-Paramo is mainly man-made 
and that its thermal conditions are suitable for tree 
growth up to 4 1 00 m asl. Therefore, the extended 
patches of Polylepis forest, which presently form the 
upper tree line at this altitude, mark the potential upper 
timberline of the study area. 

It should be stressed that the presented relations be­
tween soil heat flux, soil and air temperature, soil 
moisture, solar radiation and other climatic and 
edaphic parameters determine the growth conditions 
in a humid Paramo. As a consequence of the current 
momentary case studies, extensive measurements and 
modelling of SVAT fluxes (Soil Vegetation Atmosphere 
Transfer) in- and outside the forest patches are required 
in future for a better understanding of the thermal 
behaviour of soils at the upper tree line and to make the 
results more comparable to other regions. These studies 

should be particularly focussed on the interaction of 
wind field, air temperature, turbulence and soil climate 
within the forest patches in the course of the year. The 
modification of soil climate within forest patches due to 
a varying soil moisture regime again seems to be a key 
feature in the understanding of the thermal growth 
conditions which, unfortunately, is to the present day 
not well known. Hence, the influence of soil moisture 
on the thermal properties of soils in the study area 
needs further attention in future studies. The complex 
relation between soil, atmosphere and vegetation has 
finally to be de-mystified by means of a suitable and 
realistic SVAT model which must be driven by a com­
prehensive set of in-situ measurements. 
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