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Abstract: The present study reports the temporal variations of CO2 mixing ratio measured using Vaisala GMP-343 sensor (at 15 m height) 
in Dehradun (30.1 °N, 77.4 °E) during 2009. Being a valley station, the mixing ratios are controlled by biospheric processes but not by 
large scale transport phenomenon or local pollution. A distinct diurnal cycle varies from 317.9 ppm in the afternoon to 377.2 ppm in the 
morning (before sunrise). The minimum early morning (0700–1000 IST) drop and minimum afternoon (1300–1700 IST) trough observed 
during monsoon months are related to the enhanced vegetation activity due to rain at the site. The maximum night time (2200 IST to next 
day 0700 IST) build up of CO2 observed during monsoon season is associated with the increase in heterotrophic respiration due to high 
moisture content in the soil. This is also confirmed by the positive coherence between night time CO2 mixing ratio with soil respiration 
simulated from Carnagie-Ames-Standford Approach (CASA) model. The strong negative coherence with net ecosystem productivity 
(simulated from the same model) shows that observations captured the regional changes in emission and uptake of CO2 in atmosphere.
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Introduction
Carbon dioxide (CO2) is the most important green-
house gas present in the atmosphere. It accumulates 
in the atmosphere and plays an important role in con-
trolling the planet’s surface temperature. It can be 
measured using sensors and satellite observations. 
For example, the Global Atmosphere Watch (GAW) 
Programme of the World Meteorological Organiza-
tion (WMO) focuses on the long term green house gas 
monitoring network to understand the climate related 
changes.1 However, the complete understanding of 
CO2 source and sink requires multiple approaches 
(with tower measurements, ecosystem analysis, and 
modeling etc.) due to its complexity of the interac-
tions at different time and space scales. Atmospheric 
CO2 measurement is the best approach to study the 
CO2 variability on a diurnal and spatial scale.

CO2 mixing ratio has been measured at (a) long 
term monitoring station, away from anthropogenic 
activity,2 (b) tall towers where altitudinal variations 
permit source and sink analysis, (c) near the surface 
using flux tower, and (d) over urban and complex 
human affected regions to infer the source and sink 
pattern and variability. The examples of such studies 
are listed below. Idso et al3,4 used transects of  Phoenix, 
Arizona, at 2 m to infer the presence of an urban CO2 
“dome.” A similar experiment was conducted in Rome 
based on low level (2 m) measurements.4 The seasonal 
CO2 mixing ratios were also analyzed in several places 
including 40 m tower measurements taken in subur-
ban Melbourne, Australia.6 Significant diurnal cycles 
in CO2 surface flux and mixing ratios have been found 
in Vancouver.7 Mixing ratio measurement from flux 
tower using eddy covariance method has been carried 
out in Copenhagen.6,8 Rigby et al9 reported the diurnal 
and seasonal CO2 mixing ratios measured at 87 m tall 
tower in central London.

In India, Tiwari et al10 studied atmospheric CO2 
observations as a separate tracer of terrestrial,  oceanic 
fluxes and fossil fuel emissions at coastal station Cape 
Rama. Bhattacharya et al11 infer the relationship of 
south west monsoon and CO2 mixing ratio for the same 
station measured from 1993 to 2002. Schuck et al12 
identified the summer monsoon signature on high alti-
tude CO2 mixing ratio measured by CARBIC aircraft 
between Germany and India during 2008. Recently, 
measurement and scaling of CO2 exchanges in wheat 
using flux-tower was carried out by Patel et al.13

Though in situ observations are important and 
critical, very few studies have been carried out over 
India. A continuous measurement provides diurnal 
pattern which could be decomposed into day time 
net exchange and night time respiration release. As 
part of a comprehensive approach to carbon cycle 
(C-cycle) observations and modeling, National 
Carbon Project (NCP) of Indian Space Research 
Organization- Geosphere Biosphere Programme 
has initiated 3 types of CO2 observations: (i) eddy 
flux, (ii) continuous atmospheric observations, and 
(iii) satellite  derivation. Continuous measurements 
of atmospheric CO2 is carried out using Vaisala 
GMP-343 sensor in Dehradun, Uttrakhand, the first 
site established during October 2008. The numerous 
studies which have used this sensor reported reliable 
results in atmospheric,9,14 subterranean ventilation,15 
selection of space plant growth,16 variations within a 
canopy,17 limnology and oceanographic studies18 and 
in soil measurements.19

In this paper, we analyzed temporal variations in 
atmospheric CO2 mixing ratios in Dehradun site dur-
ing 2009 and relate them to estimated exchange by 
biospheric model. However, the impact of long range 
transport is studied using back trajectory analysis and 
impact of local pollution by separating mixing ratios 
during working and non-working days.

site and Instrument
Dehradun (30.1 °N, 77.4 °E) is a valley, located in the 
Shivalik range of the Himalayas at a mean altitude of 
700 m. The city has a large area covered under vegeta-
tions and trees. The climate of the city varies from hot 
in summer to severely cold in winter and rain during 
monsoon season. The Vaisala GMP-343 sensor was 
installed at the top of a building approximately 15 m 
from the ground, in the campus of the Indian Institute 
of Remote Sensing (IIRS). It is mounted sufficiently 
above and away from the roof top to avoid heating 
effect of the building on CO2 measurements. Since 
the building is located on institute premises, which 
is away from the main traffic, the impact of public 
vehicular pollution is expected to be negligible.

CO2 observations at 15 minute intervals were 
taken from the sensor through a data logger. It is a 
diffusion type instrument where the air diffuses into 
the measurement chamber through a filter without the 
requirement of the air to be pumped. It also provides 
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an acceptable compromise between size, response 
time accuracy, and stability. The technical specifica-
tions of the sensor and the sensitivity of the instru-
ment to temperature, pressure, and relative humidity 
are given in Table 1.20

Data and Methodologies
Data
In addition to CO2 observations, the following ancil-
lary data was also acquired:

a. Meteorological parameters: 3 hourly  temperature 
(°C), pressure (hPa), and relative humidity (RH) 
data from India Meteorological Department 
(IMD), Dehradun.

b. Parameters used for running the Carnagie-Ames-
Standford Approach (CASA) model: The esti-
mates of  Net Ecosystem Productivity (NEP) and  
respiration were computed using the CASA model  
for which the inputs and their sources are:
 i.  Normalized Vegetation Index (NDVI) data 

were based on Moderate Resolution Imaging 
Spectroradiometer (MODIS) available at 1 km 
spatial grid over the globe;

ii.  Data of climatic parameters are part of past 
100 year data base of  high resolution (0.5 × 0.5 °) 
temperature, precipitation and cloudiness pre-
pared by Climate Research Unit (CRU) at the 
University of East Anglia (UEA) (http://www.
cru.uea.ac.uk/cru/data/hrg). The CRU cloud 
fraction data are used to obtain surface solar 
radiation over the country at monthly time 
scales by using the methodology described by 
Mani;21

iii.  Extra-terrestrial radiation is obtained from the 
Surface Radiation Budget (SRB) databases 
(http://gewex-srb.larc.nasa.gov/);

 iv.  The land cover map of the country is based on 
the land cover map of Southeast Asia derived 
at a 1 km spatial resolution by using multi-date 
SPOT-VEGETATION data for the global land 
cover mapping project;22 and

  v.  The soil attribute map of the country obtained 
from Food and Agriculture Organization 
(FAO) of UNESCO’s world soil map.23

Methodology
The sensor was installed at Dehradun during  October 
2008 after factory calibration by Vaisala at 25 °C 
and 1013 hPa. Since Dehradun is located at 700 m, 
CO2 measurements made at this elevation have to be 
corrected for the ambient temperature and pressure 
 values. For any Non Dispersive Infra Red sensor 
these corrections are based on the ideal gas law, 
 therefore we used equation (i) in the present study.20

 CO2corrected (ppm) =  CO2measured (ppm)*((Tmeasured*  
Preference)/(Pmeasured*Treference)) 

(1)

where,

Pmeasured = Measured atmospheric pressure (hPa)

Tmeasured = Measured atmospheric temperature (K)

Preference = Reference barometric pressure (1013 hPa)

Treference = Reference temperature (298 K)

The hourly averages are obtained from corrected 
values at 15 minute intervals.

A preliminary analysis indicated the diurnal CO2 
mixing ratios clearly demarcated (a) early morning 
decline, (b) afternoon low followed continuing into the 
evening, and (c) slow increase over night time. Thus, 
for seasonal behavior analysis CO2, mixing ratio varia-
tions from 0700 IST to 1000 IST (period-I), 1200 IST 
to 1700 IST (period-II) and from 2200 IST to next day 
0700 IST (period-III) were analyzed separately.

To understand the influence of carbon exchange on 
monthly variations, CASA model simulated soil respi-
ration and NEP have been analyzed. The influence of 
vehicular pollution on measurements was  examined 

Table 1. Vaisala gMP343 key performance statistics 
and effect of temperature, pressure, relative humidity on 
 sensor performance.

Accuracy At the cO2 calibration points: 
±1.5% of reading

Stability ,±2% of reading/year
Response time 30 sec.
noise at 350 ppm ±3 ppm
Temperature accuracy  
(% of reading) 
(-10 °c to +40 °c)

±0.5

Pressure (900 to  
1050 hPa)

±0.5

Relative humidity ±0.006
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by evaluating the difference of CO2 values on working 
and non working days. The effect of large scale trans-
port is evaluated using back trajectory analysis.24,25

The cAsA Model
The CASA model26 is a biogeochemical model, which 
simulates the cycling of carbon between plants, soil, and 
atmosphere as the exchange of carbon between biogeo-
chemical pools. Calculation of monthly terrestrial Net 
Primary Productivity (NPP) is based on the concept of 
light-use efficiency modified by temperature and mois-
ture stress. Soil carbon cycling and heterotrophic respi-
ration (Rh) flux components of the model are based on 
a compartmental pool structure, with first-order equa-
tions to simulate loss of CO2 from decomposing plant 
residue and surface soil organic matter (SOM). NEP, 
which is the difference between NPP and Rh, determines 
the estimation of net carbon exchange between the ter-
restrial ecosystems. The model has been implemented 
by several workers to estimate regional or continental 
patterns of NPP and the CO2 sink over North America, 
Eurasia, South America, Africa, and Australia.27–29

Recently, Nayak et al30,31 implemented this model 
for the Indian terrestrial ecosystem. For this purpose, 
monthly climatic drivers and NDVI are sampled at 
2 min spatial resolution in order to match the model 
grid size. The soil map provides the data of various 
compositions of the soil in the upper 30 cm depth 
(sand, silt, and clay fraction) at a 5 min resolution. 
Nayak et al31 interpolated this data over the subconti-
nent at the model resolution and then a soil attribute 
map, as per the seven classes defined in the CASA 
model. The model is forced by time varying climate 
data bases, NDVI, and stationary maps of soil and 
vegetation to simulate monthly carbon parameters.

Results
Variations in the meteorological 
parameters
The monthly variations of meteorological parameters: 
(a) relative humidity (%), (b) temperature (°C), and (c) 
pressure (hPa) in Dehradun during 2009 are shown in 
Figure 1. Summer at this station is generally from March 
to June, monsoon months from July to October and 
winter from November to February. The  winter is cold 
(temperature is less than 20 °C) and humid (RH is above 
60%) with high atmospheric pressure (above 930 hPa). 

Temperature increases from 16 °C in  February to 31 °C 
in June with low humid conditions (below 50%). From 
July to October temperature remains above 24 °C with 
high humid conditions (above 70%) and with low 
atmospheric pressure. The monthly variations in atmo-
spheric pressure shows that the atmospheric boundary 
layer is dense during winter and rare during summer 
months, which can strongly contribute to CO2 mixing 
ratio variations as explained later.

cO2 analysis
Monthly average diurnal cycles
Monthly average hourly CO2 mixing ratios exhibit a 
clear diurnal cycle (Fig. 2). The maximum (377.1 ppm) 
occurs in morning and minimum (317.9 ppm) in 
 afternoon. The rapid decrease from morning maximum 
is mainly due to atmospheric mixing, whereas the 
gradual afternoon drop is because of net ecosystem 
uptake. The night time build up is mainly governed by 
increases in boundary layer stability and cessation of 
photosynthesis activity. Similarly, near surface features 
of CO2 variability is also reported earlier.32,33 Though 
the response of diurnal cycles based on these processes 
are similar, they have large monthly variations.

Analysis during three periods of the day
Period I: The monthly average difference of CO2 
mixing ratios from 0700 to 1000 IST is shown in 

Figure 1. Monthly variability of atmospheric parameters (A) relative 
humidity (%), (B) temperature (°c), and (c) pressure (hPa) in Dehradun 
during 2009.
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and Ripley34 also reported the maximum morning 
drop over a vegetated area during growing seasons. 
On the contrary, with the winter and  pre-monsoon 
seasons being less productive, the drop in CO2 is less 
pronounced.

Period II: Monthly average CO2 mixing ratio from 
1300 to 1700 IST is shown in Figure 4. It varies from 
317.9 ppm in September to 336.0 ppm in  December. 
The pattern shows bi-annual variability with two 
crests (during December/January and April) and two 
troughs (during March and September). From Janu-
ary (331.7 ppm) it starts decreasing and reaches to 
the first minimum in March (328.9 ppm), and then 
increases until June. Then it decreases and reaches 
the minimum in September from where it increases 
once again. Day time uptake of CO2 is high during 
monsoon and post-monsoon seasons due to increases 
in vegetation activity. The opposite can be said 
about daytime uptake in the winter and pre-monsoon 
seasons. Uptake of CO2 by vegetation leads to a low 
mixing ratio observed in London city as explained by 
Rigby et al.9

Period III: The hourly CO2 mixing ratio from 
2200 IST to next day of 0700 IST during winter, pre-
 monsoon, monsoon and post-monsoon seasons are 
shown in  Figure 5. The night time build up of CO2 
during this period is the result of three processes: 
(i) absence of photosynthesis activity, (ii) stable 
atmospheric boundary layer, and (iii) continous 
emission due to plants and soil.35 The continuous 
high mixing ratios are observed during winter nights, 
whereas it increases from night to morning during 
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Figure 4. Monthly average cO2 mixing ratio from 1300 to 1700 iST.

 Figure 3. The difference starts increasing from  January 
(9.7 ppm) and reaches the maximum (35.0 ppm) 
 during July–October and decreases  afterwards. Thus, 
the magnitude of the morning drop is low during 
winter and pre-monsoon when compared to monsoon 
and post-monsoon drops. Respired CO2 accumu-
lated more over the vegetated area near dawn during 
growing season. With an increase in photosynthesis 
activity, the accumulated mixing ratio decreases at a 
faster rate therefore the drop is at its highest during 
monsoon and post-monsoon seasons. Spittlehouse 
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other  seasons. The high pressure during winter nights 
(Fig. 1) generally forms a nocturnal boundary layer 
that  accumulates the  pollutants within that height.36 
Therefore high  mixing ratios are observed through 
out the night.  During pre-monsoon, monsoon and 
post-monsoon seasons, the increase in mixing ratios 
are 4.4 ppm, 8.2 ppm and 7 ppm  respectively. The 
maximum increase observed during monsoon  season 
may be attributed to high moisture content in the soil 
due to rains.

comparison with model results
To further explore the causes of monthly night time 
and total monthly variations of CO2, we compared 
our observations with the independent CASA model 
simulated soil respiration and NEP. The monthly soil 
respiration derived from the CASA model follows 
the  average monthly night time CO2 mixing ratio 
throughout the year (Fig. 6). High mixing ratio and 
high soil respiration are observed during monsoon 
months. This confirms that more moisture in the soil 
increases the heterotrophic respiration. To evaluate 
the response of total local ecosystem activity, the 
monthly average mixing ratios are compared with 
the CASA model simulated NEP (Fig. 7). A nega-
tive NEP value means NPP is less than respiration; 
hence CO2 is released to the atmosphere. Whereas, 
when NPP is exceeding soil respiration (a positive 
NEP), CO2 is being taken in by the ecosystem from 
the atmosphere. Therefore, both show strong nega-
tive coherence throughout the year. The low NEP 

and high mixing ratios are observed during winter 
season. Enhanced ecosystem productivity decreases 
the CO2 during monsoon season.

Long range transport
In India, the large point sources (LPS) associated with 
fossil fuel combustion and agriculture sectors are 
mainly located in the Mumbai-Ahmedabad corridor, 
Delhi, and near the coal mine mouth.37 To explore the 
influence of air masses coming from these LPS on 
CO2, we analyzed initial 7 day back trajectories for 
all the months (Fig. 8). Flow pattern during different 
months shows that Dehradun is mainly influenced by 
the air masses coming from the northern regions dur-
ing winter, pre-monsoon and post-monsoon seasons 
and, as expected, from the southwest direction during 
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monsoon season. Though CO2 is a well mixed gas, 
from these trajectories we can infer that observation 
site is not influenced by the air masses coming from 
LPS. Therefore, the impact of long range transport on 
CO2 mixing ratios at this station is ruled out.

impact of local vehicular pollution
Since, the measurement site is away from the main traf-
fic area, we examined the impact of local vehicle move-
ment inside the campus on CO2 mixing ratio. For this 
purpose, we computed the annual average mixing ratios 
between working and non- working days. Since the dif-
ference between the working (349.3 ppm) and non-
working (348.9 ppm) days is negligible the effect of 
internal vehicular pollution is considered insignificant.

conclusions
15 min CO2 observations from Vaisal GMP-343 are 
averaged on hourly basis after applying temperature 
and pressure corrections at Dehradun during 2009. 

Monthly average hourly mixing ratios have a clear 
diurnal cycle with morning maximum, afternoon 
minimum, and night time rise. These are mainly 
controlled by the photosynthesis activity, boundary 
layer stability, and night time respiration. Though the 
response of diurnal cycles based on these processes 
are similar, they have large monthly variations. The 
large decline from morning maximum observed dur-
ing monsoon and post-monsoon seasons is associated 
with the accumulation of CO2 on vegetated areas near 
dawn. Similarly, high vegetation activity during mon-
soon and post-monsoon seasons decreases afternoon 
mixing ratios more effectively. The continuously high 
mixing ratios during winter nights are associated with 
the stable boundary layer. However, the maximum 
night time increase observed during monsoon is due 
to enhanced heterotrophic respiration because of high 
soil moisture. CASA model simulated NEP being in 
opposite phase with CO2 mixing ratio throughout the 
year which indicates the dominant role played by 
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the biospheric processes in controlling the carbon 
exchange. Back trajectory analysis and the amount of 
mixing ratio between working and non-working days 
further confirm that the biospheric processes exert a 
strong control on temporal variations of CO2 mixing 
ratios at the site.
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