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Figure 3.6 Midnight and morning emissions versus temperature. 

0.35 -r------------------------------""1 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

-0.05 

0 

e Evening 

-Fit Evening :0.026 + O.OOS*T r2=::0.33 
0 

G 

• 

0 ° 0 

5 10 15 

Temperature at 1.5 m height in °0 

Figure 3. 7 Evening emissions versus temperature. 
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C02 exchange between grassland and the abnosphere 

Relation between the uptake and short-wave irradiance (SWJ) 
The average temperature, that is obtained using data with simultaneous flux measurements, 
is used to calculate the net respiration for a month. This respiration is subtracted :from the 
net exchange obtained from the integration of the measurement data. The result is an 
estimate for the monthly uptake due to photosynthesis. This monthly uptake shows a 
dependence on the average SWI over the 24 hour period in the respective mo~th. This 
relation is shown in figure 3.8. In literature [12] the relation between photosynthesis an 
available SWI is described with a hyperbolic function: 

Uptake(SWI ) = Pt . SWI /(p2+SWI) +p3 (7) 

This function was used to fit the calculated uptake for 39 months versus the 24h-averaged 
SWI level. Months with average temperatures below 0°C and months with a data coverage 
below 20% were not used for fitting. The results in terms of the parameters of the fitting 
function are : Pt= -2650 g(C02)W1 p2= 500 Wm-2 p3= 13 g(C02)m-2.month -t 
Optimisation of the three parameters was done by making a linear regression between the 
uptakes as calculated from the exchange measurements versus those obtained with the 
fitting function. When doing so it turns out that the r2 of the regression can be optimised to 
a value of0.85 by choosing p2, which sets the curving of the hyperbola. p1 is set to obtain a 
slope of 1 in the regression and p3 will change the intercept of the regression to 0. When the 
differences in meteorological circumstances for the different years are considered the 
correlation between the average SWI and the net uptake is remarkable. The best correlation 
occurs for months with SWiaverage>lOO W.m-2

• 

The functions 4 and 6 can now be used to obtain a ''theoretical CO~i exchange" which only 
needs the average temperature and the average SWI level per month as inputs. Furthermore 
the two functions can be used to correct the exchange record for periods with missing data. 
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Figure 3.8 Calculated uptake versus short wave irradiance. 
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C02 exchange between grassland and the atmosphere 

3.4 Corrections for missing flux data 

As shown above the available data on the exchange flux on average covers about 60% of 
the month. A bias in the calculated net exchange will occur if the weather at the days 
without flux data is of a significanty different weather type as compared to the rest of the 
month. The procedure to correct for this effect is as follows: 

1. The net exchange per month is calculated using all available flux data. 
(NetExchangenux) 

2. The average temperature and short wave irradiance associated with the period with 
available flux data are calculated (T flux and SWinux ) 

3. The average temperature and short wave irradiance are calculated using all 
meteorological data for the respective month. (Tan and SWian) 

4. NetExchangenux·Emission(Tnux) = Uptakenux is calculated to obtain the estimated uptake 
due to the photosynthetic activity which is representative for the period with flux data 
available. 

5. Uptakeatt = Uptakenux . Uptake(SWiatt)!Uptake(SWinux) The resulting NetExchangea11 is 
· now corrected for the effect of a difference in available SWI between the period with 

and without flux data. 
6. Finally NetExchangea11 = Uptakeau +Emission <Tan) is calculated. This accounts for a 

difference in temperature between the period with and without flux measurements. 

This procedure uses the direct integrated exchange obtained from. the diurnal pattern as a 
first guess. Therefore the procedure can only be used for those montqs for which flux data 
are already available for a significant part of the month. For months with a data coverage 
below about 30% the direct calculation of the net exchange by using formulas (4) and (7) 
in combination with the calculated average temperature and SWI level is probably a better 
guess. Furthermore the formula's (4) and (7) are not valid for months with frost, these 
months were also deselected before fitting the curve to the data. In figure 11 the time series 
with the net exchange per month is plotted as obtained from direct integration of the 
measurements and after the correction for the difference in average temperature and SWI 
between the period with flux data available and the whole month. The net exchange as 
calculated using only the paran'ietrisations is plotted as well. In the lower bar graph the 
data coverage for each month is shown. 

The corrections are small for most months. For some months the average SWI levels for 
the whole month are above those associated with the measurements. In this case the uptake 
is increased after correction. This happens in 9407, 9408, 9409, 9505, 9512, 9603, and 
9607. The most significant corrections occurred for 9607 and 9407 with higher SWI level 
but simultaneously lower temperatures which induced lower respiration. The correction for 
9407 is uncertain because flux data was only available for 26% of the month. Another 
effect that yields a higher uptake or a lower net emission is a lower monthly mean 
temperature as compared to the measurement period. This is observed in April '96. 
For periods with a monthly mean SWI level below the level associated with the exchange 
data, the correction will cause a higher emission or reduced uptake. This happens in 9304, 
9309, 9402, 9403, 9404, 9406, 9410, 9509, 9601, 9602 and 9606. In September 1993 the 
correction from an SWI level of 131 to 108 W.m·2 had a significant effect on the net 
exchange. Finally, higher temperatures can also lead to a positive correction (i.e. a higher 
emission) 9303, 9412, and 9601 are examples for this. December '94 was the most striking 
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Figure 3.9 The corrected net exchange per month. 
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event with a temperature of 1.8°C associated with the measurement data and 4.5°C for the 
whole period. Table 1 summarised the results of a linear regresion of the parametrized net 
exchange as a function of the exchange obtained from the measurements (after correction). 
The results are obtained per year and the parameters of the regression show the deviation 
of a certain year from a four year average that is represented by the parametrisations. Best 
correlation of the variations occurred in 1994 (r=0.9) but the parametrisations always 
underestimated the actual net exchange. In 1993 the measurements showed a clear offset 
from the average : higher net emissions were observed. Worst correlation is observed in 
1996, low emission levels are indicated by the offset of 60 g(C02)m-2 and the annual 
variation was quite different : r was only 0.5 

Table 3.1: 

Regression 

1993 
1994 
1995 
1996 

Comparison of the observed exchange and the parametrized exchange 
for all years. 

Slope intercept 
g(C02). m·2 

? 

1.04 .()3 0.7 
0.81 -5 0.9 
0.95 44 0.7 
1.1 60 0.5 
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C02 exchange between grassland and the atmosphere 

Best estimates for the C02 exchange between the Cabauw pasture and the Atmosphere 
Figure 3.9 gives best estimates for the net C02 exchange in each month for the period 
January 1993 to December 1996. For all months with dark-grey bars the measured data 
were used after correction for periods without flux data . For the months denoted with the 
light-grey bars in '93 and '94 the parametrisations were used to obtain estimate for the net 
exchange: no data or too little data was available. In '96 the light grey bars denote months 
for which the average temperatures were below I °C. Here the uncorrected estimates 
obtained :from the measurements were used. The corrections applied for the other months 
are not valid at these low temperatures. 
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Figure 3.10 The best e!timate of the net exchange per month. 
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Results and Discussion 

3.5 Observed C02 exchange and meteorology 

The above analyses already showed the interannual differences in the C02 exchange, which . 
are of course related to the different meteorological circumstances. To conclude this report 
the results for the subsequent years will be discussed per month. The diurnal patterns for 
the C02 exchange, SWI and temperature as shown in the calendars in appendies A, B and 
C are presented per month in this section. In addition for each month a table summarizes 
the net results. The best estimate for the net exchange as described above is listed. 
Furthermore the average temperatures and SWI levels as obtained by averaging of the 
diurnal pattern over the 24 hours are shown. These data are representative for Ca.bauw. 
The rain data, the normal values for rain and temperature and the meterological 
circumstances are obtained from the annual overviews of KNMI [13],[14],[15],[16]. In 
fact these values are reported as national averages of for the station at de Bilt, which is 
about 40 km away from Cabauw. 

ECN-C--97-032 27 



i 
I 

I 
i: 

C02 exchange between grassland and the atmosphere 

January. 
The January months in 1994 and 1995 were mild (5 .1 and 3.3 °C respectively) and wet (90 
and 125 mm rain.) For the period with measurement data available the maximum SWI at 
midday in '95 was 160 W.m·2 and 140 W.m·2 in 1994. The higher availability of sunlight 
1995 makes the diurnal variation in 1995 the most prominent. But the plant activity is still 
small and soil respiration is most important for the net emission. The difference in 
temperature is reflected in the emission levels: 1994 showed the highest emission of about 
129 g(C02)m"2

• Emissions in 1996 and 1995 were almost equal about 55 g(C02)m·2, the 
higher soil emission due to the higher temperature in 1995 was partially cancelled by the 
higher uptakes in daytime. January 96 was cold with an average temperature of -0.1 °C 
and very dry (7 nun of rain ). As a result hardly any diurnal variation was observed in 
1996. 

Table 3.2 Summary for January 

January Net exchange SWiavg Temp. Rainfall 
s{C02}m·2 w -2 oc {inmm} .m 

1993 n.a. 5.1 85 
1994 129 30 4.7 90 
1995 60 31 3.3 125 
1996 55 33 -0.1 7 
Normal 2.2 85 

C02 flux g(C02)m·2s·l S.W.Irradiance(Wm·2) 
15.0 0.4 800 

700 -o-9401 -o-9401 
0.2 -A-9501 -6-9501 

600 10.0 -&-9601 -B-9601 
0.0 500 

.00 
5.0 -0.2 

300 

-0.4 200 
-o-9401 

0.0 
-6-9501 100 

-0.6 -B-9601 
0 

-0.8 -100 -5.0 
0 6 12 18 24 0 6 12 18 24 0 6 12 18 

Figure 3.11 Average diurnal varations for the C02 exchange, SWI and Temperature. 
January 1994, 1995, 1996. 
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Results and Discussion 

February. 
In February 1996 winter was still continuing with an average temperature of0.6 ° and the 
plants hardly showed any activity. The net emission was almost the same as observed in 
January. February 1994 is wanner (1.8°C). The net emission in this month was only half 
the January level, which was related to the lower temperature and a slightly increased plant 
activity. February 1995 was wann and the activity of the grassland clearly emerged. The 
net emission for this month is almost zero: daytime uptake and night-time respiration were 
in balance. It is remarkable that SWllevels at midday were almost the same for 1995 and 
1996, about 200 W.m-2 yet the response was clearly different. Apparently in 1996 the 
photosynthetic activity was blocked by the low temperatures, not by a shortage of SWI. 

Table 3.3 Summary for February 

February Net exchange SWiavg Temp. Rainfall 
g!C02~m-2 w -2 oc {inmm~ .m 

1993 n.a. 30 
1994 70 55 1.8 28 
1995 14 so 6.3 85 
1996 63 48 -0.6 51 
Normal 2.5 48 

.. 

C02 flux C02)m·2s"1 S.W.Irradiance(Wm-2) 
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Figure 3.12 Average diurnal varations for the C02 exchange, SWI and Temperature. 
February 1994, 1995, 1996. 
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C02 exchange between grassland and the atmosphere 

March 
March was very dry in 1993 with only 9 mm of rain whereas 63 mm is nonnal. It was 
sunny and the maximum SWI level ofW.m·2 on midday was higher than for the other four 
years. Yet the daytime uptake was about the same, probably the water availability limited 
the uptake. The net uptake was moderate: 35 g(C02)m·2• March 1995 with a max. SWI of 
390 W.m·2and 85 rnm of rain showed a larger uptake during the day. This resulted in a net 
uptake of 126 g(C02)m·2• In 1994 a maximum of 300. W.m·2 was available which explains 
the lower uptake in ~~e as compared to 1995. The net uptake in 1994 was comparable 
to 1993: 38 g(C02)m·. March 1996 was still too cold, with an average temperature of3.l 
degrees and only 11 mm of rain plant activity was negligible. A net emission occurred of 
84 g(C02)m·2• 

Table 3.4 Summary for March 

March Net exchange SWiavg Temp. Rainfall 
g{C02}m·2 w -2 oc !inmm~ .m 

1993 -35 122 5.2 9 
1994 -38 83 6.7 90 
1995 -126 115 5.4 85 
1996 84 97 3.1 11 
Normal 5.0 63 

S. W.Irradiance (Wrn·2) 
0.4 .......... ---------. 800 -r----------. 15.0 -r----------w 
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Figure 3.13 Average diurnal varations for the C02 exchange, SWI and Temperature. 
March 1993,1994, 1995, 1996. 
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Results and Discussion 

April 
April '96 was sunny, with the highest SWI levels of the four years. A maximum level of 
about 600 W.m·2 around midday was observed. In spite of the available SWI the diurnal 
variation showed maximum uptake levels of 0.22 mg(C02)m·2s·1• This was probably 
related to the strong winter and drought : April '96 was the driest April month of the 
century with only 8 mm of rain. So it seems that water shortage was blocking the 
photosynthetic activity. 
For 93, 94, 95 the maximum SWI levels in daytime were 480, 450 an 430 W.m·2 

respectively. This caused in the largest daytime uptake to be in April '93. Temperature was 
also highest with 11.1 °C, which explains the higher night-time emission. The net uptake in 
'93 was 127 g(C02)m·2. In 1995 SWI levels are lower in the aftemoon.This is reflected in 
the diurnal variation of the C02 exchange. A lower daytime uptake could also be related to 
the to the low rainfall level (29 mm in stead of 50 mm normally). The difference between 
1994 and 1995 in the nighttime respiration is remarkable. Temperature levels are almost 
identical but the nighttime emissions in 1994 are substantially higher. The lower daytime 
uptake levels in 1995 might have induced lower nighttime respiration by the plants. The net 
uptake in 1995 is higher as compared to 1994 (-211 g(C02)m·2 versus -184 g(C02)m·2 ) 

Table 3.5 Summary for April 

April Net exchange SWiavg Temp. Rainfall 
g{C02}m·2 w -2 oc {inmm} .m 

1993 -127 157 11.1 40 
1994 -184 162 8.4 66 
1995 -221 143 8.8 29 
1996 -166 192 9.4 .... s· 
Nonnal 8.0 so 
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Figure 3.14 Average diurnal varations for the C02 exchange, SWI and Temperature. 
Apri/1993,1994, 1995, 1996. 
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May 
May 1996 was cold (10.S°C) and dry (42 mm rain), which shows in the amplitude of the 
diurnal variation truncation occurs at almost the same level as in April '96, -0.22 
mg(C02). m2s·1• SWI was low for this month with a max. value of SOO W.m-2 compared to 
600 W.m-2 for the other four years. In daytime the patterns for '94 and '9S are very much 
the same but night-time emissions in '94 are higher. In May '9S the beginning and the end 
of the month were wann and sunny, but in the period from 9-20 May very low 
temperatures and a significant reduction in plant activity occurred. The net uptake in '9S 
was 234 g(C02)m·2, in '94 lOS g(C02)m-2 was gained from the atmosphere. May '93 was 
very wann 14.3°C showed a net emission of63 g(C02)m-2

• 

Table 3.6 Summary for May 

May Net exchange SWiavg Temp. Rainfall 
s{C02}m-2 w -2 oc {inmm} .m 

1993 63 206 14.3 40 
1994 -lOS 181 12.1 8S 
199S -234 222 12.6 lOS 
1996 -61 176 lO.S 42 
Nonnal 12.3 61 

,· ,. 
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Figure 3.1S Average diurnal varations for the C02 exchange, SWI and Temperature. 
May 1993,1994, 1995, 1996. 
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Results and Discussion 

June 
June 1994 showed the largest daytime uptakes which was remarkable since the SWI level 
was significantly lower as compared to the other three years. The low temperatures might 
have reduced the respiration flux from the soil. A net uptake of 60 g(C02)m·2 occurred. 
Compared to '94 '96 had both higher SWI levels and higher temperatures, especially in 
daytime the net result was a high net uptake of 126 g(C02)m·2. The temperature curves for 
'93 and ~95 were almost the same. SWI levels were slightly higher around midday for '95. 
Both the diurnal pattern of the exchange flux and the net emissions were also rather 
similar: 43 and 5 g(C02)m"2 for '93 and '95 respectively. 

Table 3. 7 Summary for June 

June 

1993 
1994 
1995 
1996 
Normal 

Net exchanfe SWI avg 
g(C02)m· W.m·2 

43 212 
-60 169 
5 221 

-126 235 

Temp. 
oc 

15.5 
13.4 
14.4 
15.6 
15.2 

Rainfall 
(inmm) 

70 
55 
64 
33 
67 
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Figure 3.16 Average diurnal varations for the C02 exchange, SWI and Temperature. 
June 1993,1994, 1995, 1996. 
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July 
Daytime uptake for July was almost identical for all years. This may seem remarkable 
since the SWI levels were substantially different. In '93 midday SWI levels were about 450 
W/m2, this month was one of the three wettest July months in this century with 134 mm of 
rain. The net result '93 was an emission of 120 g(C02)m-2. With an average temperature of 
21.4°C (for the whole country) July '94 was the warmest month ever recorded since the 
start of meteorological measurements in the Netherlands in 1706. But the extremely high 
SWI levels did not increase the uptake, the high temperature did enhance the emissions and 
the net result was a similar emission as compared to '93: 109 g(C02)m-2. Another warm 
July with an average temperature of 20.1 °C occurred in '95. The net emission for this year 
was much smaller, 6 g(C02)m·2• The difference with '94 is due to the lower night-time 
emissions. It is remarkable that the night-time emission level in July '95 is almost equal to 
the level of June '95 since the night-time temperatures increased by about S°C. Though a 
lot of the variations in the diurnal patterns can be explained rather straightforward from 
meteorology, this case is more difficult and we did not find an answer yet. In '96 moderate 
SWI levels and a rather low temperature (16.3°C) resulted in a net uptake of the pasture 
of -168 g(C02)m·2. Again the rain level was lower compared to nonnal values, only 42 mm 
were obtained. 

Table 3.8 Summary for July 

July 

1993 
1994 
1995 
1996 
Nonnal 

-0.6 
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120 
109 
6 

-168 

-0.8 -----------~ 

SWiavg Temp. oc 
Rainfall 
(in mm) W -2 .m 

182 
264 
239 
201 

700 

600 

500 

400 

300 

200 

100 

15.8 
21.1 
19.1 
15.9 
16.8 

134 
ss 
ss 
42 
15 

S. W.Irradiance (Wm·2) 

-100 _________ __, 

0 6 12 18 24 ' 0 6 

30.0---------

-+-9307 
-o-9407 
-6-9507 
-B-9607 

6 12 18 24 

Figure 3.17 Average diurnal varations for the C02 exchange, SWI and Temperature. 
July 1993,1994, 1995, 1996. 
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Results and Discussion 

August. 
The August months show clear differences between subsequent years. The most 
remarkable month was August '95 with an average temperature of 19.7°C (the normal 
level is 16.7°C). The period 27 July to August 25 was extremely dry. This must be the 
reason for the small daytime uptake. The SWI for July '95 was the highest of the four 
years. Again the relatively small night-time respiration is remarkable. For this month the 
drought might have affected the plant activity and the ·respiration. August '94 and '96 
show the same temperature and SWI levels. Yet the difference in diurnal C02 exchange is 
substantial the amplitude of both variations is almost comparable but the '94 curve shows 
an offset with respect to the '96 data. This offset results in an net emission of 225 
g(C02)m·2 in '94 and an almost negligible net effect for '96 -6 g(C02)m·2• The amounts of 
rain in both years are not significantly different. August '93 was cloudy, a relatively low 
SWI level and low temperatures. This moderate weather resulted in a large amplitude in 
the diurnal variation. With the lowest SWI levels of the four years the highest uptakes are 
observed. Probably because the low daytime temperatures resulted in a lower simultaneous 
respiration. August '93 showed a net emission of 165 g(C02)m·2 

Table 3.9 Summary for August 

August Net exchange SWiavg Temp. Rainfall 
g{C02}m·2 w -2 oc {inmm} .m 

1993 165 -174 15.6 35 
1994 225 182 17.5 85 
1995 77 231 19.7 20 
1996 -6 164 17.3 63 
Normal 16.7 71 

C02 flux g(C02)m·2s·1 S.W.Irradiance (Wm-2) Temperature (°C) 
800 
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-o-9408 . 100 
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Figure 3.18 Average diurnal varations for the C02 exchange, SWI and Temperature. 
August 1993, 1994, 1995, 1996. 
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September. 
Except for September '96 which was relatively dry ( 49 mm) this month was wet for all 
other years, especially in '94 in which 155 nun of rain was recorded. Levels for '93 and 
'95 were 129 and 105 respectively. SWI levels were the same for '93 and '94 and slightly 
higher for '95. The highest SWI level was observed in '96 but like the maximum uptake 
was only 0.22 mg(C02)m·2s·1• The low night-time temperatures caused lower respiration 
for '96 as compared to the other years. A net emission occurred of 49 g(C02).m·2s·1• The 
net emissions were significantly higher for '94 (246 g(C02).m-2) and '95 (265 g(C02).m· 
2
). These two years showed almost the same patterns for temperature and for SWI. Again 

the largest amplitude in the diurnal variation was observed in '93 . The higher uptake in 
midday caused a smaller net emission for this month of 238 g(C02).m·2. 

Table 3.10 Summary for September. 

September 

1993 
1994 
1995 
1996 
Nonnal 

-+-9309 
-o-9409 

-0.6 -6-9509 
-B-9609 

Net exchange 
g(C02).m-2 

238 
246 
265 
49 

-0.8 ..a..--------:---' 

SWiavg 
W -2 .m 

108 
97 
108 
142 

Temp. 
oc 

13.6 
13.6 
14.3 
12.4 
14.0 

Rainfall 
(inmm) 

129 
140 
105 
49 
69 

S.W.Irradiance (Wm·2) 

800 ~--------

700 -+-9309 
-o-9409 

600 -6-9509 
-B-9609 
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-100 -'----------' 

Temperature (OC) 
20.0 -r--------... 

-+-9309 
-o-9409 
-6-9509 
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15.0 

10.0 

5.0 -t---,....--r-----,----t 
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24 

Figure 3.19 Average diurnal varations for the C02 exchange, SWI and Temperature. 
September 1993,.1994, 1995, 1996. 
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October. 
In October '96 It seems like the vegetation has recovered from the drought and low 
temperatures. Although the SWI levels are identical for the three years with data available, 
the response in terms of daytime uptake for the pasture is most significant for this year. 
The annual budget for 1996 is hardly affected since the net exchange for this month 
virtually zero. The other two years show a net emission, 57 g(C02)m·2 for '95 and 225 
g(C02)m·2 for '94. This difference is in disagreement with the temperature observations 
since the values for 1995 are about 5°C above the '94 values and therefore a higher 
emission was expected. October '95 was dry (20 nun) and October '94 was wet (120 nun), 
it seems that the drought also decreases the soil respiration. In literature soil emissions are 
often reported to increase in dry periods probably the maximum soil emisstion occurs when 
the soil is still humid. Decreasing activity could be related to dehydration of the soil . 

Table 3.11 Summary for October 

October Net exchange SWiavg Temp. Rainfall 
s~C02}m-2 w -2 oc (inmm) .m 

1993 279. 80 12.6 66 
1994 224 79 8.9 130 
1995 57 77 12.6 20 
1996 51 76 10.7 70 
Normal 10.5 73 
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Figure 3.20 Average diurnal variations for the C02 exchange, SWI and Temperature. 
October 1994,1995,1996 
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November. 
For November '94 no measurements were available and the net emission of 387 g(C02)m-2 

was calculated using the parametrisations. The SWI data was similar for '93 and '96 but 
temperatures were about 4°C lower in '93. Night-time temperatures were about 0° and the 
plant activity almost stopped. A net emission of 70 g(C02)m-2 occurred. The night-time 
emission levels for '96 were almost equal to those observed in '93 in spite of the higher 
temperature. As a result the higher uptakes in daytime brought the net emission in 
November '96 to 139 g(C02)m·2• For '95. the temperatures were about 1°C above the '96 
level and a little more SWI was available around midday. The diurnal variation shows a 
smaller amplitude, both with lower emissions during the night and lower uptakes during the 
day. The net emission was comparable to '96, about 98 g(C02)m·2 

Table 3.12 Summary for November 

November Net exchange SWiavg Temp. Rainfall 
s{C02}m-2 w -2 oc {inmm} .m 

1993 70'-. 33 1.7 51 
1994 387 14 8.9 48 
1995 98 36 6.5 43 
1996 139 36 6.8 124 
Nonnal 5.9 80 

,· / 

C02 flux g(C02)m·2s·1 S.W.Irradiance (Wm-2) Temperature (°C) 
0.4 400 20.0 

0.3 350 -+-9311 ...... 9311 

300 -6-9511 15.0 -A-9511 
0.2 -B-9611 -B-9611 

250 

0.1 
200 10.0 

0.0 150 

-0.1 100 5.0 

50 
-0.2 

-6-9511 0 0.0 

-0.3 
-B-9611 -50 

-0.4 -100 -5.0 
0 6 12 18 24 0 6 12 18 24 0 6 12 18 

Figure 3.21 Average diurnal variations for the C02 exchange, SWI and Temperature. 
November 1993,1995,1996 
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December 
SWIIevels were similar '94, '95 and '96. A somewhat lower level was obtained in '93. 
Temperatures around 0°C were observed for '95 and .'96. In '95 temperatures were below 
zero most part of the day, and the net emission was 74 g(C02)m"2

• The slightly higher 
temperatures in '96 induced a higher respiration and the net result was an emission of 162 
g(C02)m"2

• The temperatures for '93 and '94 were almost the same, about 5°C. For both 
months the plants showed some uptake and the net results were 171 and 208 g(C02)m"2 for 
'93 and '94. The higher emission in '93 can be related to a smaller daytime uptake, 
because of the slightly lower SWIIevels. 

Table 3.13 Summary for December 

December Net exchange SWiavg Temp .. Rainfall 
s{C02}m"2 W.m·2 oc {inmm} 

1993 171 16 4.6 153 
1994 208 24 4.5 110 
1995 74 20 -0.7 35 
1996 162 20 0.7 41 
Nonnal 3.2 78 

S.W.Irradiance (Wm-2) Temperature (0 0) 
0.3 ..,......-------..., 400 ~------------. 20.0 -----------, 
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-0.1 
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-B-9612 

350 
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200 
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50 
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Figure 3.22 Average diurnal variations for the C02 exchange, SWI and Temperature. 
December 199.3,1994, 1995, 1996. 
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General discussion of the dataset 
• For several months the diurnal patterns show that no increase in the uptake is observed 

with midday SWI levels above about 400 W.m-2. In the patterns for May, June, July 
and August the diurnal variation shows a maximum uptake level of about 0.25 
mg(C02)m-2s-1

• A higher uptake during the day is possible for example in spring and 
autumn. For March, April, September and October, the SWI level does reach the 
saturation level of about 400 W.m-2 but in those months the lower temperatures in 
daytime result in a smaller simultaneous respiration flux. The saturation level is known 
from literature to be about 300 W.m-2 [17] for a single leaf that is exposed to solar 
imidiance. In field conditions saturation occurs at a higher SWI levels because not all 
leaves will be exposed to the maximum irradiance. 

• Respiration rates observed during the night are significantly higher for 1993 and 1994 
as compared to 1995 and 1996. For the first half of 1996 the difference can be well 
explained by the late start of the growing season. The plant growth was delayed due to 
the extended winter with temperatures around 0°C up to March. Furthermore plant 
activity must have suffered from the to the long dry period that lasted from June '95 to 
almost August '96. Throughout the year the rainfall levels were below the normal 
value. A lower activity of the plants will also result in lower plant respiration. 

• It seems that, higher plant/soil respiration occurs in months that are relatively wet. This 
effect is observed in October '94. Compared to '95 the SWI levels were the same and . 
because temperature levels in October '95 were almost 5°C above those in '94 with dry 
whether in '95 and wet circumstances in '94 an higher emission was expected for '95. 
The net emission in '94 was about 3 times the value in '95. The conclusion is that the 
soil emissions will be high when soil is humid but not saturated with water. 

Integration ofthe patterns for each year yields the following annual exchange values: 

Table 3.14 An overview of the net annual emissions of C02 from the pasture to the 
atmosphere as derived from the measurements. 

Annual g(C02).m-2 Uncertainty Meteorological Circumstances 
Emission 
1993 1087 70 warm (9.6°C) 

wet(862mm) 
1994 1212 70 very warm(10.6°C), 

very wet (1 023mm) 
1995 50 70 warm (10.4°C) 

rather dry (739mm) 
1996 220 70 cold (8. 6°C) 

ve!I 2!! (576 mml 

The years 1993 and, 1994 were rather The slightly higher emission in 1994 could be 
explained by the higher temperatures. In 1995 large uptakes occurred during spring. In 
autumn emissions do not really take place. Plant activity, both in uptake and in respiration 
was probably reduced due to drought. The low net exchange for 1996 is not surprising 
considering the meteorological conditions. 

The data reported here discuss the net exchange between pasture and the atmosphere at the 
Cabauw site. Of course this net exchange is only one part of the C-cycle at the 
measurement site. Included in this exchange is the net emission due to manure application. 

40 ECN-C--97 -032 



Results and Discussion 

The magnitude of this emission is about 550 g(C02)m-2, based on the manure appliance in 
the Netherlands. This was discussed in our previous report [18]. For the construction of a 
regional C budget information from the local agricultural community is needed. This could 
yield additional valuable information but that evaluation is beyond the scope of the current 
project. For the analysis performed here, the comparison of the different years, and the 
assessment of the net C02 exchange for an average pasture in the Netherlands on a scale of 
1 000* 1000 m we can assume that the management in terms of manure application and 
animal grazing did not change significantly during the last few years. 

Comparison with antropogenic sources 
The data obtained at Cabauw can be used to estimate the net emission for a11450.000 ha 
grassland in the Netherlands. When comparing the net annual flux for the grasslands to the 
C02 emissions caused by fossil fuel use in 1990, the contribution of the grasslands is 
below 3%. However, when the integrated uptake due to photosynthesis and the respiration 
are considered seperately the importance of a good knowledge of the C02 exchange 
between atmosphere and grassland is shown. The amount of C02 that enters and leaves the 
atmosphere each year equals about 15% of the 1990 national fossil fuel emissions. 

• The results obtained at Cabauw were used for 450.000 ha grassland. The estimated 
annual emission from Dutch pasture are compared to the 1990 Dutch fossil fuel 
emissions. 

Table 3.15 Estimated emission from grasslands compared to other C02 emissions in 
the Netherlands: 

Emission 
Uptake 
Net 

ECN-C--97-032 

Exchange of C02 in % of fossil fuel emission in 1990 
1993 1994 1995 
17% 17% 18% 

-14% -15% -18% 
3% 3% 0% 

1996 
15% 

-15% 
0% 
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4. CONCLUSIONS 

Results from the evaluation of the dataset. 
• Analysis of the C02 exchange data obtained at Cabauw data on a monthly averaged 

basis showed that there is no significant difference in the net exchange for different 
wind sectors. Because the gradient measurements are representative for about 100-200 
times the measurement height, i.e. 1-2 Jan the domestic. sources and orchards north and 
east of the measurement site do not significantly alter the exchange as detennined by the 
grassland. As a result C02 exchange data for all wind directions could be used for the 
analyses of interannual variation of the net exchange between atmosphere and 
grassland. An average data coverage per month of 60% was obtained. 

• There is a significant correlation between the monthly averaged temperatures and the 
night-time respiration of the vegetation and soil. The relation can be described 
accurately with a linear function. The parametrized respiration can be used in 
combination with the measurements to obtain an estimate of the photosynthetic induced 
uptake by the vegetation. 

• The estimated uptake by the vegetation shows a remarkable well defined relation with 
the average available short-wave irradiance. This relation too can be described with a 
linear response function. 

• The parametrisations described above were used to correct the net exchange_per month 
as obtained through integration of the measurements. The result is corrected for the fact 
that the average meteorological conditions during the whole month need not be identical 
to those observed during the period of measurements. 

Interpretation of the monthly averaged diurnal patterns ,. 
• For several months during the summer the diurnal patterns show that no increase in the 

uptake is observed with SWI levels above about 400 W .m·2. Instead of this a rather 
constant maximum uptake level of about 0.25 mgrC02/m2s is observed. Higher uptakes 
during the day are possible for example in spring and autumn when simultaneous 
respiration is reduced due to lower temperatures. This implies that changes in SWI due 
to climate changes (for example more clouds) can have significant effects on the uptake 
by vegetation during spring and autumn but the effect in summer will be small. 

• Respiration rates observed during the night are significantly higher for 1993 and 1994 
as compared to 1995 and 1996. For the first half of 1996 the difference can be well 
explained by the long winter with temperatures around 0°C up to March. Furthermore 
plant activity seems ·to have suffered from the long dry period that lasted from June '95 
to almost August '96. 

• In many ecosystems soil emissions are observed to increase in dry periods. At the 
Cabauw site it seems that higher plant/soil respiration occurs in months that are 
relatively wet. This effect is observed in October '94 versus '95 the SWI levels were the 
same. Since temperature levels in October '95 were almost 5°C above those in '94 with 
dry weather in '95 and wet circumstances in '94 an higher emission was expected for 
'95. In contrast the net emission in '94 was about 3 times the value in '95. The 
conclusion must be that for drained soils emissions will show a maximum value when 
the soil is not saturated with water but still wet. When the soil dries the respiration also 
decreases. Since most grasslands in the Netherlands are drained this is a representative 
situation for our country. 
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The net annual exchange of C02 
The final results for the net annual exchange of C02 are listed in table (3 .14). In the 1995 
progress report [18] the C02 exchange data of 1993 and 1994 were discussed. The 
emissions that were reported then have not changed much in the present report. The data 
that became available in 1995 and 1996 however showed the importance of longer 
dataseries when evaluating climatological related processes. The net emissions are lower 
by a factor of 5 for these two years. The interannual differences can be understood to a 
large extent when evaluating the meteorological conditions. The two additional years of 
data that were obtained since the first progress report will give additional constraints for 
the grassland models under development 

The Cabauw data were used to estimate the net exchange for the 450.000 ha grassland in 
the Netherlands. The emissions in 1993 and 1994 equalled about 0-3% of the annual 
antropogenic emissions in the Netherlands due to fossil fuel use. This value is a factor 10 
higher compared to the national emission reduction target. The later aims at a reduction of 
3% in 2000 as compared to the 1990 C02 emission level. The annual uptake and 
respiration fluxes are even an order of magnitude larger and equal about 15% of the annual 
fossil fuel emission in the Netherlands. In a changing climate the balance between uptake 
and respiration might change resulting in significant emissions or uptakes. 

General Conclusions: 
The dataset reported here is a valuable source of information for the development and 
validation of models that describe the exchange of C02 between pasture and the 
atmosphere. The analysis of the data shows that during a month the .. same net emission or 
uptake can occur under very different meteorological conditions. Sunny wheather with high 
temperatures will boost both the uptake and the respiration of the soil and plants. The net 
uptake might be smaller compared with a month with moderate SWI levels and lower 
temperatures. Therefore more years with different meteorology are needed. Validation of a 
grassland model cannot be done properly with data for one year with average 
metrorological circumstances. For example the 1995 was warmer and 1996 was colder as 
compared to the climatological average (last 30 years). But the emission for both years was 
small. 
Some data are missing in this dataset, like management data for the grassfields surrounding 
the Cabauw site, soil moisture and leaf-area index data. For future campaigns it is 
recommended that, if possible these data are gathered as well. Nevertheless the dataset is 
unique especially due to the fact that this almost continuous record with exchange 
measurements covers 4 years with rather different meteorological circumstances. 
For evaluation of models that should predict our future climate even longer monitoring 
programmes on the response of vegetation systems (not only grasslands) need to be carried 
out. We hope that in due tenn more exchange measurements over pasture in the 
Netherlands will be perfonned. By making this dataset assessable and by documenting the 
dataset as well as , possible we encourage other researchers to use this dataset for 
comparison and validation of models. Only when comparing similar data over a longer 
time period we might be able to detect and understand a positive or a negative feedback of 
the grasslands in the Netherlands to the greenhouse effect. Comparison of the datasets 
could yield valuable information on how one of our main national ecosystem is responding 
to the variations in the regional climate. 
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Appendix A. The diurnal variations of the C02 exchange for . 
grassland at Cabauw, the Netherlands 1993-1996 
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Appendix B. The diurnal variations of the available short wave 
irradiance at Cabauw Calendar 1993-1996 
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Appendix C: The diurnal variations for the air temperature at 1.5 m 
at Cabauw, the Netherlands 1993-1996 
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