
Abstract The interception of rainfall by vegetation and the 
subsequent evaporation of intercepted water from the canopy 
surface play an important role in hydrological processes, and 
the water and energy balance of forest ecosystems. Spatial 
variability of interception has different effects on water yield 
from watersheds located in different climatic and biome 
regions. In order to explain the spatial patterns of intercep-
tion, we adopted grid-sampling method to install rain-gauges 
to measure throughfall. Results show that the coefficient of 
variation (Cv) of throughfall tends to decline as rain intensity 
increases. After the canopy is saturated, Cv of throughfall 
remained at a constant value, which is close to the Cv of 
the canopy leaf area index (LAI) value 0.18. Thus, the Cv of 
LAI is regarded as the extremum of that of throughfall. 
Because of the special characteristic of Chinese pine (Pinus 
tabulaeformis), and the lower droopy branches, negative 
values for interception account for only 13% of the total 
samples. Furthermore, the max is above 70% of gross 
rainfall.
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1 Introduction

For more interception capacity and aerodynamic resistance 
of forest canopies, canopy interception and its evaporation 
constitute the main output of water in a forest ecosystem 

(Dong et al., 1987; Kong et al., 1990; Pei and Deng, 1996; 
Zeng et al., 1996; Zhang, 2002). It is considered that the 
interception rate of coniferous forests in a temperate zone 
ranges from 20% to 40% (Gash et al., 1980; Teklehaimanot 
et al., 1991; Viville, 1993). While in China, the studies in 
the different climate zones from south to north and the 
corresponding forestry vegetation type showed that intercep-
tion rate varied between 11.4% and 34.3%, and the coefficient 
of variation changed from 6.68% to 55.05%. The interception 
rate of semi-tropical west high mountain evergreen conifer-
ous forest is the maximum, and that of semi-tropical upland 
evergreen broad-leaved forest the minimum (Wen and Liu, 
1995).

In stand scale, the input of rainfall can be considered to be 
even, while the character of the forestry ecosystem has great 
heterogeneity. By analyzing the variability of throughfall, 
Loustau et al. (1992) found that variograms decreased as 
rainfall increases. The shape of the variograms did not reveal 
any spatial autocorrelation to different measurements of 
throughfall, whether from the global variograms or single 
direction. They considered that such a distribution pattern 
might be attributed to the low leaf area index (LAI) value of 
the experimental site. For small storms, the higher spatial 
variability of throughfall may be explained by the spatial 
variation of the degree of canopy opening. For larger storms, 
the spatial variability of throughfall is probably affected 
by the distribution or frequency of shelter and drip points 
and canopy storage capacity, thus the distribution of through-
fall is also the distribution of drip points. By that time the 
canopy is saturated, the Cv value of throughfall remain 
constant (Carlyle-Moses et al., 2004). According to other 
researches, because of the effect of rainfall pattern and 
meteorological condition, the relationship between through-
fall and canopy structure is not significantly different (Iroumé 
and Huber, 2002; Carlyle-Moses et al., 2004). The main 
objectives of this study, therefore, is to analyze the spatial 
variability of throughfall under different rainfall conditions 
by integrating canopy structure patterns to decide the factors 
affecting canopy interception, and to discuss the negative 
values of interception.
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2 Site description

The study site located in a Chinese pine (Pinus 
tabulaeformis) plantation on a hill slope of Miyun Reservior 
watershed, near the Beijing water conservation forest experi-
mental station. It belongs to the semi-humid, monsoon, 
continental climate and lies in a warm temperate zone. Mean 
annual precipitation is 660  mm, with large variability both 
annually and monthly. Most of the rainfall (80%–85%) 
occurs in June to September. The exposure is southwest, the 
altitude is 210  m, and the slope is 32°. The average thickness 
of litter layer in the forest is about 5–7  cm because of little 
human disturbance. The soil is brown forest soil and the 
thickness is about 80  cm.

3 Methods

Rainfall, throughfall and stemflow of 17 rainfall events in 
2004 were measured separately. The canopy structure above 
each gauge was also measured. Detailed methods are as 
follows.

3.1 Rainfall measurement

The gross rainfall was measured with the remote recording 
rain gauge of the weather station. The data record step was 
10  min when rainfall intensity was less than 1  mm/h; under 
other conditions, it was 5  min.

3.2 Throughfall measurement

The spatial pattern of throughfall is affected by the architec-
ture of the canopy. In order to interpret the spatial variability 
of throughfall and accurately reflect the interception ability 
of the canopy, we adopted a grid-sampling method to install 
rain gauges to measure throughfall. In the study area, 40  rain 
gauges were installed evenly at a grad size of 2  mx2  m 
(along contour lines and perpendicular to the contour lines) 
under the canopy (Fig.  1). Because the experiment needs 
a large number of rain gauges, we used plastic collectors 
replacing standard rain gauges. Each collector stood 50  cm 
above the ground and was calibrated by remote recording rain 
gauge. The effects of interception of shrub layer were ignored, 
and these shrubs above the rain gauges were all cleared up. 
In order to reduce the error caused by evaporation of water 
in collectors, throughfall was measured within 1  h after each 
rainfall event.

3.3 Stemflow measurement

According to forest stand investigation, there were 20 trees in 
the study plot. The diameter at breast height (DBH) of each 
tree was measured. Diameter at breast height grade was set 
at each 4  cm, and five standard sample trees, typical both in 
shape and crown, were selected in each grade. Split plastic 
hose (diameter = 3  cm) was wrapped around two to three 
loops above the ground 0.2–0.5  m, attached with stainless 
steel staples and sealed with silicone sealant, then they 
were connected to rain gauges. Stemflow was recorded 
simultaneously with throughfall.

3.4 Canopy structure measurement

LI-COR LAI-2000 Plant Canopy Analyzer was used to 
measure the LAI and canopy density above each rain gauge. 
Since light is reflected by the waxiness of the leaf surface 
and fascicled needles, the measurements underestimated 
the actual values. Therefore, a coefficient R was needed 
to calibrate the measurement results (LAI-2000 Plant Canopy 
Analyzer: Instruction Manual, 1990). During data processing, 
coefficient R has little effect on relative variations, so 
measurements were analyzed without calibration.

Table  1 Investigation of Chinese pine forest stand in 2004

Species  Age /years DBH /cm Height /m Height of the lowest branch /m Canopy density Plant density /(trees · hm−2)

Pinus tabulaeformis 39 16 10 2.6 0.81 2,500

Fig.  1 Distribution of gauges and location of trees



171

4 Results and discussion

4.1 Spatial variability of throughfall

The coefficient of variation (Cv) of throughfall has a tendency 
of decreasing with increasing gross rainfall (Fig.  2). When 
gross rainfall was over 28  mm, the Cv of throughfall (n = 40) 
remained a constant value, around 0.17–0.19. It can be 
explained that the canopy was saturated when rainfall was 
over 28  mm, and the subsequent rainfall almost transformed 
to throughfall with no interception by the canopy. This value 
could be considered the canopy storage capacity.

The Cv of throughfall tended to decline as rainfall inten-
sity increased (Fig.  3). When rainfall intensity was more than 
0.8  mm/min, the Cv of throughfall reached a constant value, 
around 0.17–0.19. After that, even if the rainfall intensity 
kept increasing, the Cv of throughfall did not change any 
more. For some events, the larger Cv of throughfall with great 
intensity was due to small rainfall and the unsaturated 
canopy.

The Cv of canopy density was 0.6 (n = 40), which showed 
that the canopy density was not strongly associated with 
throughfall.

4.2 Relationship between rainfall and interception

Interception is not only related to the pattern of the canopy, 
but is also affected by rainfall processing. Because the 
intervals were short among 7.20, 7.21, 7.22 three rainfall 
events and between 8.10, 8.11–8.12 two rainfall events, in 
order to make the data be representative, we combined them 
into two rainfall events and analyzed them together with 
the other 15 events. Through a scatter plot of rainfall and 
intensity against the corresponding interception rate, we 
found that the interception rate increased as gross rainfall 
decreased. When rainfall was up to 28  mm, interception 
rate tended to be steady, which means the canopy was satu-
rated, as was consistent with the Cv of throughfall. However, 
the trend was not obvious when rainfall was large, as was 
influenced by intervals between rainfall events.

Fig.  2 The relationship between Cv of throughfall and gross 
rainfall

Fig.  3 The relationship between Cv of throughfall and rainfall 
intensity

The Cv value of LAI is 0.18 (n = 40), consistent with the 
Cv value of throughfall (0.17–0.19), after the canopy was 
saturated. Hence, we consider that the structure of LAI is 
the main factor affecting spatial distribution of throughfall. 

Fig.  4 Relationship between interception rate and gross rainfall, 
rainfall intensity

Rainfall of 8.9 event and 9.2–9.3 event were 7.1  mm and 
6.8 mm, respectively, rainfall intensities were 0.21  mm/min 
and 0.06  mm/min; however, their interception rates were 
23.91% and 60.29% (Table  2). It is noticeable that since 
the strength of rainfall on leaves is larger for high rainfall 
intensity, intercepted water has a great potential to contribute 
to throughfall, which led to small interception rate. Mean-
while, the duration of the two events were 2.85  h and 0.18  h 
respectively, furthermore the latter was discontinuous. Both 
the longer rainfall duration and interruption increased the 
evaporation and interception. Interception rate tended to 
decrease as the rainfall intensity increased, but it was not 
obvious. It can be explained that rainfall is also an important 
factor affecting interception rate except rainfall intensity. 
When the rainfall duration is longer, the effect of intensity 
on interception will be weakened, so that rainfall should be 
taken into account when analyzing the impact of intensity on 
interception.
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4.3 Analysis on negative value of interception

There were 11 out of 17 observed rainfall events that had 
negative values. In all throughfall samples, the samples with 
negative value accounted for 13%, and the maximum over 
the gross rainfall was up to 70% (Fig.  5). Negative values for 
interception are commonly reported for a wide range of forest 
types and climates, especially in fog precipitation in rain 
forests and coastal forests (Azevedo and Morgan, 1974; Lloyd 
and Marquesf, 1988; Veneklaas and Van, 1990; Pook et al., 
1991; Valente et al., 1997; Crockford and Richardson, 2000; 
Carlyle-Moses et al., 2004). According to the previous 
studies, the negative interception values might result from the 
observation method of rainfall and throughfall, which 
enhance the throughfall value or underestimate the gross rain-
fall (Crockford and Richardson, 2000). It was reported by 
Valente et al. (1997) that the cause of underestimation of 
gross rainfall was that there was no wind shelter attached to 
the gauge installed on a tower. The negative value could also 
be caused by the weather condition. Another explanation 
according to Pook et al. (1991) and Carlyle-Moses et al. 
(2004) was hidden precipitation in the form of drifting fog, 
mist and cloud into throughfall. The canopy provides a vast 
interface for cloud mist where it was concentrated to form 
drip points, while the upper part of the gauge outside the 
forest was open. In a study on a coastal forest in California, 

Azevedo and Morgan (1974) found that fog precipitation 
usually occurred at night, and the throughfall could be up 
to 42.5  cm for a whole summer. In our study, water in the 
leaves was channeled to leafstalk and then become lots of drip 
points. When there are drip points above rain gauges, the 
throughfall will be overestimated. Furthermore, since the 
Pinus tabulaeformis plantation stand is up to 39  years old, 
the main branches are generally droop lower, and the angle 
to the horizon is around 5–15°, which makes the intercepted 
water easy to concentrate and result in more negative values 
of interception. Meanwhile, there was no wind shelter on 
the gauge measuring gross rainfall, and the gross rainfall was 
underestimated, which all contribute to the negative value of 
interception.

4.4 Number of collecting samples for throughfall

Throughfall has a large spatial variability due to the heteroge-
neity structure of the canopy. In order to measure the average 
throughfall of a high heterogeneity forest accurately, a large 
number of samples is necessary. However, some previous 
reports did not provid information about the number of 
samples they collected, and statistical methods were not 
applied, which led to the results from their researches 
having little value. Considering economic and representative 
requirements, the optimum number of samples should be the 
minimum in a certain confidence interval (Rodrigo and Àvila, 
2001). We use the following equation adopted by Kimmins 
(1973) to determine the number of samples to estimate 
throughfall volume within a desired confidence level:

n
t Cvn= -( , )a

a

′ 1
2 2

2

where n is the number of sample required, np is the simulated 
number, a is the desired confidence level, t(a, np-1) is the value 
for a level of a with np-1 degrees of freedom.

Table  2 Characteristics of rainfall events

Date  Duration /h Interruption /h Interval to the former Gross rainfall /mm The maximum rainfall intensity Cv of throughfall
   rainfall event /h  in 15  min I15 /(mm · min−1) (n = 40)

7.13 1.13 0 35.28 14.4  0.79 0.27
7.14 2.88 1.25 21.80 2.8  0.07 0.52
7.20 7.00 0 47.17 9.7  0.59 0.29
7.21 18.68 10.63 2.73 35.6  1.42 0.17
7.22 27.60 23.67 4.90 30.2  1.13 0.21
7.26–7.27 10.50 0 62.12 9.0  0.07 0.37
7.28–7.29 2.75 1.70 49.13 49.1  0.96 0.17
8.2 11.05 1.03 101.37 9.6  0.20 0.26
8.9 2.85 0 146.40 7.1  0.21 0.30
8.10 4.73 0 33.40 38.1  0.97 0.19
8.11–8.12 32.10 7.08 1.27 44.1  0.21 0.27
8.21 0.30 0 Maximum 4.3  0.27 0.38
8.24–8.25 8.73 0 79.43 73.9  0.80 0.17
8.27 10.70 4.28 45.33 102.9  1.28 0.16
9.2–9.3 10.18 0.85 Maximum 6.8  0.06 0.47
9.5–9.6 3.50 0.58 63.08 28.1  0.57 0.18
9.14–9.15 19.12 0.33 Maximum 48.8  0.35 0.19

Fig.  5 Frequency of throughfall to gross rainfall ratio
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Employing the equation to determine the number of 
samples estimating throughfall volume is normally distribut-
ed. Geostatistical analyst in ArcGIS was used to examine 
throughfall data and make sure that the distribution of sample 
is normal. Cv of throughfall was 0.17–0.19 when canopy was 
saturated, and n was estimated to be 33–41(a = 0.1). Forty 
samples will satisfy the throughfall observation under the 
condition of rainfall over 28  mm, and the number should be 
increased to improve the accuracy of observed data.

5 Conclusions

The Cv value of throughfall tends to decline as rainfall 
intensity increases. After the canopy is saturated, the Cv of 
throughfall remained at a constant value, close to the Cv value 
of canopy LAI 0.18. The subsequent rainfall almost trans-
formed into throughfall (except evaporation volume during 
rainfall) and cannot be intercepted by the canopy anymore. 
Therefore, the Cv of LAI is regarded as the extremum of 
the Cv of throughfall. Under the condition of larger rainfall 
intensity, the canopy lowered the distribution of throughfall, 
and throughfall pattern tended to be stable.

Interception rate tended to decrease as rainfall intensity 
and gross rainfall increase. Rainfall and rainfall intensity 
should be combined to analyze the impact on interception to 
avoid impartiality of the result.

The duration, interruption and intervals are the main 
factors affecting gross interception, when rainfall and its 
intensity are close. Since the duration or interruption is 
longer, the additional interception caused by evaporation will 
increase. While a short interval with the former rainfall event 
contribute to a wet canopy at the beginning of the next event, 
the canopy will be saturated under a small rainfall, which 
results in lower interception.

The special characteristic of Chinese Pine (Pinus 
tabulaeformis) makes intercepted water drip easily, so there 
were more drip points compared to the open area. Meanwhile, 
lower droopy branches for the higher forest age induce 
intercepted water concentrating and cause more negative 
values of interception.

When observing the average throughfall of a forest, we 
should make sure whether the sample number is statistically 
representative. 

References

Azevedo J, Morgan D L (1974). Fog precipitation in costal California 
forests. Ecology, 55: 1,135–1,141

Carlyle-Moses D E, Flores Laureano J S, Price A G (2004). Throughfall 
and throughfall spatial variability in Madrean oak forest communities 
of northeastern Mexico. J Hydrol, 297: 124–135

Crockford R H, Richardson D P (2000). Partitioning of rainfall into 
throughfall, stemflow and interception: effect of forest type, ground 
cover and climate. Hydrol Process, 14: 2,903–2,920

Dong S R, Guo J T, Man R Z (1987). Throughfall, stemflow and 
interception of Chinese Pine (Pinus tabulaeformis) plantation in 
Northern China. J Beijing For Univ, 9(1): 58–67 (in Chinese)

Gash J H C, Wright I R, Lloyd C R (1980). Comparative estimates 
of interception loss from three coniferous forests in Great Britain. 
J Hydrol, 48: 89–150

Gash J H C, Wright I R, Lloyd C R (1980). A predictive model of rainfall 
interception in forests. 1. Derivation of the model from observation in 
a plantation of Corscian pine. Agric For Meteorol, 9: 367–384

Iroumé A, Huber A (2002). Comparison of interception losses in a 
broadleaved native forest and a Pseudotsuga menziesii (Douglas fir) 
plantation in the Andes Mountains of southern Chile. Hydrol Process, 
16: 2,347–2,361

Kimmins J P (1973). Some statistical aspects of sampling throughfall 
precipitation on nutrient cycling studies in British Columbian coastal 
forests. Ecology, 54: 1,008–1,019

Kong F Z, Song B, Pei T F (1990). Mathematical model of the relation-
ship between interception and rainfall. Chin J Appl Ecol, 1(3): 201–
207 (in Chinese)

LAI-2000 Plant Canopy Analyzer: Instruction Manual (1990). LI-COR, 
Lincoln, Nebraska, USA

Lloyd C R, Marquesf A O (1988). Spatial variability of throughfall 
and stemflow measurements in Amazonian rainforest. Agric For 
Meteorol, 42: 63–73

Loustau D, Berbigier P, Granier A, Hadj Moussa F E (1992). Intercep-
tion loss, throughfall and stemflow in a maritime pine stand: I. 
Variability of throughfall and stemflow beneath the pine canopy. 
J Hydrol, 138: 449–467

Pei T F, Deng Y C (1996). The simulation and model of rainfall process 
distribution in forest canopy. I. The models of throughfall, stemflow 
and canopy interception under constant rainfall intensity. Sci Silv Sin, 
32(1): 1–10 (in Chinese)

Pook E W, Moore P H R, Hall T (1991). Rainfall interception by trees of 
Pinus radiata and Eucalypt viminalis in a 1,300 mm rainfall area of 
southeastern new south Wales: I. gross losses and their variability. 
Hydrol Process, 5: 127–141

Rodrigo A, Àvila A (2001). Influence of sampling size in the estimation 
of mean throughfall in two Mediterranean holm oak forests. J Hydrol, 
243: 216–227

Teklehaimanot Z, Jarvis P G, Ledger D C (1991). Rainfall interception 
and boundary layer conductance in relation to tree spacing. J Hydrol, 
123: 261–278

Valente F, David J S, Gash J H C (1997). Modeling interception loss 
for two sparse eucalypty and pine forests in central Portugal 
using reformulated Rutter and Gash analytical models. J Hydrol, 190: 
141–162

Veneklaas E J, Van E K R (1990). Rainfall interception lose for two 
tropical mountain rain forests. Hydrol Process, 4: 311–326

Viville D (1993). Interception on a mountainous declining spruce 
stand in the Strengbach catchment (Voges, France). J Hydrol, 144: 
892–898

Wen Y G, Liu S R (1995). Quantity analyses of the characteristic of 
rainfall interception of main forestry system in China. Sci Silv Sin, 
31(4): 289–298

Zeng D H, Pei T F, Fan Z P, Jiang F Q, Zhu J J (1996). Simulation 
of canopy interception by Mongolian pine. Chin J Appl Ecol, 7(2): 
134–138 (in Chinese)

Zhang Z Q (2002). Forestry Hydrology: Process and Mechanism. 
Beijing: China Environmental Science Press (in Chinese)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


