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Abstract  
We present a thermal imaging field design for climatological studies with an application to microscale 

cold-air flow analysis. Measurements of microclimatic processes are often limited by a lack of spatial 

coherence and consequently incomplete information on spatial and temporal patterns in the airflow. We 

introduce and evaluate an approach for investigating cold-air flow using an infrared camera pointed at a 

custom-built projection screen. A statistical analysis of a cold-air-flow case study is presented that 

explores the potential and limitations of the proposed technique. Results indicate good compatibility with 

traditional methods, while spatial coherence in measurements is achieved. A few examples of additional 

information obtained from the thermal camera analysis are presented, including analyses of cold-air-flow 

characteristics. 
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1 Introduction 
Airflow phenomena in variable terrain are of great relevance in a bio-climatic context. In particular, cold-

air flows can alleviate thermal stress during summertime in urban areas. Such flow phenomena mostly 

occur in clear-sky situations with low wind speeds and high radiative fluxes at the Earth’s surface 

(Dietrich and Böhner 2008). Typically after sunset over land the surface becomes colder than the air just 

above, with cooling of the near-surface atmospheric layer. Cold-air flow occurs as a result of 

inhomogeneous surface properties, which generate a diversity of cooling processes related to differential 

solar radiation at the surface, as well as differential longwave radiation and hence horizontal pressure 

gradients (Burkholder et al. 2009). Cold-air flows have long been studied (cf. Defant 1949; Ball 1956; 

Yoshino 1984), with cold-air gravity flows of 2–3ms−1 (Oke 1987), and speed depending on the depth of 

the cold-air layer, the terrain slope, air temperature and surface roughness. The flow is generally organized 

in cold-air ‘drops’, i.e. spatially coherent sections of the flow characterized by similar temperatures and of 

various volumes. These form when the cold-air mass becomes too deep and heavy, and downslope flows 

form in a wave-likemotion as a result of gravity (cf. Oke 1987; Kaimal and Finnigan 1994; Schwab 2000; 

Vogt 2001; Foken and Nappo 2008). By flowing downslope cold-air ‘pools’ are formed, even in shallow 

terrain (Soler et al. 2002). In cold-air charged basins lower air temperatures are generated relative to 

nearby valleys (Clements et al. 2003), generating strong temperature inversions overnight (Lehner et al. 

2011). Monti et al. (2002) describe flow waves and the impacts of elevated slopes on mesoscale katabatic 

flow. Nocturnal cold-air flowcan be divided into flowphases with typical drop sizes, flow speeds and 

turbulence intensity (Vogt 2001). Numerical models are used to calculate and predict volumes and 

dynamics of cold-air flow (Schwab 2000), and based on measurements, various studies have further 

highlighted cold-air flow processes (e.g., Schwab 2000; Zhong and Whiteman 2008; Trachte et al. 2010). 

Traditionally, cold-air flowis analyzed usingmeasurements of air temperature, wind speed and wind 
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direction at different heights above the ground (e.g., Schwab 2000; Dietrich and Böhner 2008), and at 

various locations in transects along a slope (Whiteman et al. 2008; Dorninger et al. 2011). Cold-air flow 

can also be visualized using fog machines, which emit dense suspensions of small liquid particles 

highlighting flow dynamics, and analyzed in tracer experiments (e.g., Allwine et al. 1992; Pypker et al. 

2007). Vertical profiles can be observed using in situ measurements on towers or tethersondes (Pypker et 

al. 2007; Whiteman et al. 2008) or remote sensing, such as ground-based Doppler lidar, to observe the 

fine-scale structure of the wind field within a valley, the stable boundary layer and nocturnal drainage 

flow (e.g., Beffrey et al. 2004), as well as for the accumulation of cold-air pools (Lareau et al. 2013). 

Some studies (e.g., Smedman 1988; Mahrt 2011) suggest that cold-air development and flow 

characteristics near the ground and at heights up to 2 m warrant closer inspection. Despite the wide array 

of measurement and modelling approaches available, it has not been possible to date to analyze near-

surface cold-air flow coherently at high spatial and temporal resolutions without the need to interpolate 

isolated measurements. While dual lidar measurements would in principle allow us to obtain spatially 

coherent information, processes occurring very near the ground cannot be adequately captured using this 

approach. Thus, high- resolution analyses of the near-ground vertical temperature structure, which would 

allow for a detailed analysis of flow characteristics, have been missing to date.  

Thermal infrared (IR) camera systems can measure longwave radiation, which can be converted to 

brightness temperatures or surface temperatures if the surface emissivity is known. Sequences of IR 

images have been used in various ways in climatological studies: Christen et al. (2011) analyzed 

fluctuations of surface temperatures in an urban environment and Meier et al. (2011) introduced methods 

for atmospheric correction in the same urban system. In airflow analysis, thermal systems have already 

been used, e.g., to identify topographically related near-surface wind characteristics by measuring surface-

temperature differences using airborne thermal scanners (Mattsson 1969) and for the visualization of 

convection under laboratory conditions, using an artificial projection screen for vertical airflow 

visualization (Danjoux et al. 2011). Roland Vogt visualized turbulent heat exchange in a field campaign 

using IR time lapse movies (personal communication, R. Vogt, 2006), and Garai et al. (2013) analyzed 

surface temperatures in combination with near-surface air temperatures, and tested the application of 

sequenced IR measurements to the analysis of turbulence in a convective boundary layer. 

 

Fig. 1 Aerial view of the study area with climate site and expected cold-air flow direction. Imagery Source Stadt Bochum (2001) 
 

Despite the great potential of thermography shown in these applications, no analysis of vertical 

temperature profiles in shallow cold air has been performed to date. In the present work, IR imagery is 

collected in a way intended to be useful for characterizing microscale cold-air flow. The following 

research questions are explored: 
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1. Can an instrumental set-up be devised to measure vertical temperature profiles of near-surface cold-air 

flows using IR imagery? 

2. Can cold-air flow speeds and cold-air drop characteristics, such as number, size and frequency, and 

vertical temperature gradients, be deduced from these data? 

 

2 Method Design 
In order to compare surface temperatures derived from IR cameras (referred to as ‘surface temperatures’ 

throughout the text) to other measurements, data have to be collected at the same location. In order to 

adequately characterize fluctuations in cold-air flow dynamics, a short measurement interval was chosen, 

depending on instrument capabilities (1Hz for IR camera, 0.5Hz for air-temperature sensors). Since cold-

air flows form under calm and clear weather conditions, the field campaign was conducted in such a 

situation (July 23 2012). Sloping terrain with known downslope cold-air flows and adjacent to an existing 

meteorological station was chosen, located in Bochum in the Ruhr region of western Germany. Figure 1 

shows the location in an aerial view with the expected cold-air flow direction. The measurements 

commenced on July 23 2012 before sunset and continued to 0100 local time (LT, UTC+1) on the next 

day. The weather conditions on this day were conducive to cold-air flow: high solar radiation during the 

daytime, rapid cooling around sunset and very low wind speeds in the evening, at less than 1ms−1. All 

instruments were installed along the expected direction of the cold-air flow, i.e. along the slope as shown 

in Fig. 1. In Fig. 2, a cross-sectional display of the set-up with all instruments and measurement details is 

shown. 

 

 
Fig. 2 Cross-section overview of measurement set-up and measurement parameters; not to scale; sonic anemometer: wind 

direction, wind speed and air temperature at 0.5 m, range 10 s; sensors: air temperature at 0.05 and 0.5 m, range 2 s; IR camera: 

IR derived surface temperature at projection screen, range 1 s; RGS (Rudolf Geiger climate site): air temperature at 0.05 and 2 

m, rel. humidity at 2 m, wind direction and wind speed at 10 m, range 2 min 

 

Cold air accumulates on the sloping grassland and flows downslope as a result of gravity, with the cold-air 

flow passing the measurement system, so that the airflow properties are directly accessible to all 

instruments. 

 

2.1 Instrumentation 

Air-temperature measurements were made using four sensors (Geoprecision) mounted at two heights (0.55 

and 1.50 m) to compare with the surface-temperature data. Further standard instruments were installed at 

the nearby Rudolf Geiger meteorological site (RGS), providing information on the general weather 

conditions, including air temperature, relative humidity and wind speed and direction at 10 m. Thermal 

measurements were conducted using an IR camera (384 × 288 pixels, spectral range of 7.5–14.0μm, 

InfratecVarioCam). Since an IR camera responds to the temperature of a solid surface rather than to air 

temperature, an adequate proxy for air temperature is needed. To this end, a synthetic ‘projection’ screen 

is installed parallel to the expected direction of the flow. Changes in the surface temperature of this screen 
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are taken to indicate air-temperature fluctuations nearby. This surface needs to be highly thermally 

sensitive and reactive, which is the case for a material with low heat capacity. For installation in the field, 

the material of the screen had to meet additional criteria, such as stretch ability and water repellency. Pre-

tests of various materials led to the use of polyester with a polyacrylate cover (as commonly used for rug 

anti-slip mats). The projection screen was placed in parallel to (behind, from the point of view of the 

camera) the temperature sensors to ensure comparability of the measurements. All IR data were corrected 

to the screen emissivity of 0.94 (emissivity information provided by the manufacturer). In Fig. 3 the IR 

measurement principle is shown. At the top of Fig. 3a the camera is shown pointing at the projection 

screen. Figure 3b shows a cartoon of the projection screen, overlain by IR visualization, to illustrate the 

principle. The temperature inversion, a typical characteristic of cold-air genesis, is visible as low surface 

temperatures (blue) at the ground and higher surface temperatures (yellow) at higher levels. To exclude 

the effects of solar heating on the projection screen, only data obtained after sunset were used, starting at 

2100 LT. 

 
 

Fig. 3 IR measurement principle; view from IR camera to projection screen and 

schematic design with IR visualization  

(high surface temperatures = orange, low surface temperatures = blue) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Data Collection 

Since individual IR pixels are prone to measurement errors because of heterogeneities in the surface of the 

projection screen, averages of square areas containing several pixels were calculated for further analysis. 

These squares had to be located close to the positions of the air-temperature sensors to ensure 

comparability. Due to the optical measurement of the IR system it is not possible to take the squares 

directly at the same location (the sensors eclipse the IR pixels behind them). Figure 4a shows a 

photograph of the set-up; Fig. 4b is an IR image of the screen, and Fig. 4c shows the set-up of the screen 

with respect to the projection screen size. For comparison of surface temperature and air-temperature data, 

squares of two sizes were tested (as shown in the Fig. 4c). 

 

3 Evaluation of the IR Method 

The period from 2152 to 2240LTshows a typical cold-air flow over this sloping grassland with air-

temperature changes generated by cold-air drops flowing downslope along the screen. For this reason this 

period is used for the evaluation of the technique. All statistical tests shown refer to this period, which is 

henceforth referred to as the ‘evaluation period’. For comparing the IR data of the projection surface with 

the air temperatures various statistical time-series analysis methods were applied. Figure 4c indicates the 
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measurement locations 1–4 and different IR squares on the projection screen. The air-temperature sensor 

tips occupy about three IR pixels.  

 

 
Fig. 4 Projection screen; photograph (a), IR picture (b), and screen design with size and location of IR squares (c); high surface 

temperatures = purple, low surface temperatures = blue/black 

 

The IR squares were set at 7×7 IR pixels and 13×13 IR pixels, and the names used for identifying them 

are shown in Table 1. 

 

Table 1 Names of IR squares and their location relative to the sensors 

 position relative to sensor 

IR square size upslope downslope 

7 x 7 IR pixel ≙ 96 mm x 96 mm ≙ 9216 mm
2 IR_-10_3 IR_10_3 

13 x 13 IR pixel ≙ 178 mm x 178 mm ≙ 31684 mm
2 IR_-15_6 IR_15_6 

 

The time series of surface and air temperatures (temperature as a function of time) at measuring locations 

2 and 4 are shown in Fig. 5a and b, respectively. The comparison refers to IR square IR_10_3 for the 

measurement period 2130–2330 LT and for a selected period of 7 min characterized by rapid temperature 

fluctuations. It can be clearly seen in Fig. 5 that the measured air temperature is higher than the surface 

temperature. This offset in temperatures may be due to properties of the screen material, in particular its 

heat conductivity and thus reaction time to air-temperature changes, its heat storage, and potentially 

inhomogeneous surface. However, in the analysis of cold-air flow dynamics, patterns of change over time, 

i.e. relative temperatures and temperature time series, are at the centre of interest rather than absolute 

temperature values. Therefore, the details of temperature disagreement between observed air temperatures 

and surface temperatures are not followed up in detail. The temperatures observed at the two locations 

shown in Fig. 5 differ due to the different measurement heights above the ground. The IR curves seem to 

display higher frequency fluctuations than the air-temperature sensor curves, indicating a slower response 

of the air-temperature sensors compared to the IR method. Very similar results also obtain for the 0.5-Hz 

surface temperature data alongside the air-temperature data. The higher frequency fluctuations of the 

surface-temperature data are also seen in the comparison of the curves of the selected 7-min period, which 

shows typical temperature changes caused by cold-air drops flowing along the screen. The general 

patterns of temperature change over the periods shown seem to be similar. 
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Fig. 5 Comparison of air temperatures (sensors) and surface temperatures of IR square IR_10_3 at locations 2 (a) and 4 (b) for a 

period of 2 h, and selected seven minutes; local time (LT); data not filtered, not detrended 

 

A quantitative comparison of the surface- and air-temperature data series was performed on detrended 

data series and normal distributions were found in both cases. IR data were collected at a rate of 1 Hz and 

air-temperature data were collected at 0.5Hz. To better compare both time series, a Gaussian low-pass 

filter was applied to the measurement data. Results of bivariate Pearson correlations between the filtered 

time series (air temperature vs. surface temperature by IR squares of various sizes) are shown in Fig. 6 for 

the evaluation period. The ordinate of the diagrams in Fig. 6 shows the correlation coefficient obtained 

from the Pearson correlation, with the abscissa showing different lengths of temporal filtering. Positive 

correlations are found for all surface- and air-temperature data combinations, with correlation coefficients 

ranging from 0.35 to 0.75. Correlations are lowest at location 1 (upslope, upper half of the screen), highest 

at location 3 with an IR square displaced downslope (lower half of the screen), and intermediate in all 

other cases. The low correlation at location 1 may be due to turbulence where the airflow first reaches the 

projection screen on its way downslope. Correlation increases only slightly with the size of the low-pass 

filter applied to the time series.  

Non-perfect correlations between surface and corresponding air temperatures may be due to several 

influences, in particular: 

1. The wooden poles on which the screen is mounted may lead to local modifications of the air-flow. 

2. The flow direction is not perfectly parallel to the screen’s orientation at all times.  
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Fig. 6 Correlation coefficients from the correlation analysis between air and surface temperatures for every location  

1–4 at the projection screen, types of IR squares and different lengths of temporal filtering for the evaluation period 

 

Autocorrelation and power spectrum analyses are performed to characterize the reactivity of the surface- 

and air-temperature measurement systems. Visualizations of the detrended time series and analysis results 

are shown in Fig. 7 for location 2 with the IR square IR_10_3 without filtering for the evaluation period as 
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representative of all options. Figure 7a shows the air-temperature sensor data and Fig. 7b shows the 

surface-temperature data of the screen. 

 

 
Fig. 7 Visualizations of air (a) and surface (b) temperature data time series for the evaluation period (detrended data without 

filtering): 1. detrended time series of temperatures in black with moving-average filter in red (top left), 2. frequency distribution 

and normal curve (top right), 3. autocorrelation (bottom left), 4. power spectrum (bottom right) 
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The detrended data series (top left of each panel) show similar patterns in the temperature time series, 

particularly in the red lines, which show the data smoothed by a filter (75-step moving average). As 

discussed above, the curve of the relative surface temperature displays higher frequency fluctuations than 

the air-temperature curve. The autocorrelation function of the air-temperature time series (bottom left) 

shows the expected shape for calibrated instruments: a steady decrease in correlation coefficient with 

increasing time lag. The autocorrelation function of the IR data is very different: a steep decrease within 

the first 20 timesteps is observed and may indicate that the screen surface temperature very quickly adapts 

to fluctuations in air temperature. A secondary peak in autocorrelation after 40 timesteps may be due to 

screen material properties, possibly indicating insulation effects. Systematic, repetitive events, such as 

cold-air drops, are identified in the form of a power spectrum. If cold-air drops have a constant frequency 

and size, this would create a peak in the power spectrum. However, in the chosen time period no marked 

peaks are recognizable, indicating a large variance of the cold-air drops in size and frequency. The 

conclusions from Fig. 7 are applicable for all measuring locations and measuring variants. 

 

4 Example Application of the IR Method for Cold-Air Flow Analysis 
The method documented above allows for the analysis of cold-air flow properties. Cold air drops can be 

analyzed with respect to size, frequency and flow characteristics and in order to determine the size, the 

vertical temperature gradient is important. To illustrate the principle, Fig. 8a shows a cold-air drop 

flowing along the projection screen (timesteps (1)–(4)). Turbulence at the top and to the rear of the cold-

air drop is clearly visible. Figure 8b shows the temperature gradients for timesteps (1) and (2) at the IR 

profile location on the screen (red line in Fig. 8a (1)). The same situation is shown at high temporal 

resolution in the animation provided as Supplementary material. Here the benefit of the high temporal 

resolution of data collection becomes particularly obvious. While the examples given here are of a 

qualitative nature, the quantitative analysis of profiles, vertical gradients and frequencies contained in the 

data merely requires extracting the temperatures. A number of IR measurement campaigns have recently 

been performed and will be evaluated in the near future. 

 

 
Fig. 8 Example of cold-air drop flowing along the projection screen: a IR pictures at different timesteps; 1 inversion, 2 cold-air 

drop reaching the screen, 3 moment after passing, 4 turbulence in the back of the cold-air drop; low surface temperature = blue, 

high surface temperature = purple. b Surface temperature gradients at timesteps (1) and (2), gradient location: red line in (a) (1) 
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5 Conclusions 
A measurement set-up consisting of an infrared camera and a projection screen was designed to measure 

microscale cold-air flow on sloping grassland. A systematic comparison of infrared derived surface 

temperatures with air temperatures measured a few tens of mm away showed good agreement in 

temperature time series, even if the absolute temperatures disagreed. Autocorrelation analysis suggests a 

high reactivity of the screen material to air-temperature changes. These results suggest that an indirect 

measurement of airflowdynamics can be performed using the thermographic set-up described above. 

On the basis of this technique, future research should focus on characterizing and classifying cold-air flow 

phases in greater detail. Focusing on the high resolution cold-air vertical temperature gradient will allow 

for an analysis of cold-air drop size and structure, frequency and cold-air pool development over the 

course of a night. 
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