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Abstract: Using CO2 data from the Atmospheric Infrared Sounder (AIRS), it is found for the first
time that the mid-tropospheric CO2 concentration is ~1 part per million by volume higher during
dry years than wet years over the southwestern USA from June to September. The mid-tropospheric
CO2 differences between dry and wet years are related to circulation and CO2 surface fluxes.
During drought conditions, vertical pressure velocity from NCEP2 suggests that there is more rising
air over most regions, which can help bring high surface concentrations of CO2 to the mid-troposphere.
In addition to the circulation, there is more CO2 emitted from the biosphere to the atmosphere during
droughts in some regions, which can contribute to higher concentrations of CO2 in the atmosphere.
Results obtained from this study demonstrate the significant impact of droughts on atmospheric CO2

and therefore on a feedback cycle contributing to greenhouse gas warming. It can also help us better
understand atmospheric CO2, which plays a critical role in our climate system.
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1. Introduction

In addition to the trend [1–3] and the annual cycle [4–9], atmospheric CO2 also demonstrates
a lot of intra-seasonal [10,11] and inter-annual variability [12–15]. During the pre-satellite era,
CO2 analyses mainly utilized in-situ CO2 measurements to investigate CO2 variability, which is
limited in space. In recent years, CO2 retrievals from different satellites [16–21] provide CO2

concentrations over the global domain, which can be used to explore CO2 variability at different
locations. Utilizing the mid-tropospheric CO2 from Atmospheric Infrared Sounder (AIRS), it has
been found that large-scale processes (e.g., Madden-Julian Oscillation, El Niño-Southern Oscillation,
South-Atlantic Walker circulation, and Northern Annular Mode) can modulate CO2 concentrations in
the middle troposphere [10,14,22].

In addition to the influences from large-scale processes, surface CO2 emissions can also change
atmospheric CO2 concentrations in the middle troposphere [23]. Pagano et al. [23] investigated the
correlation between mid-tropospheric CO2 and gross primary production (GPP) from the biosphere in
July at 40◦N–50◦N and found a correlation coefficient of −0.8 between mid-tropospheric CO2 and the
GPP. Large GPP means more photosynthesis, thus more CO2 uptake from biosphere and less CO2 in
the atmosphere.
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Using CO2 data over Mauna Loa, Buermann et al. [8] found that the decline in the CO2 seasonal cycle
amplitudes since the early 1990s is related to reductions in the carbon sequestration as responses to severe
droughts and changes in the atmospheric circulation. Norman et al. [24] measured soil surface CO2 fluxes
at three sites and found that the soil surface CO2 fluxes are sensitive to the drought and temperature.
By analyzing soil surface CO2 flux over grassland, Laporte et al. [25] have found that decreasing rain
events will lead to less soil surface CO2 flux and reduced plant growth. Zhou et al. [26] found that the
soil surface CO2 fluxes will increase when temperature and precipitation increase. Pereira et al. [27]
analyzed the impact of droughts on net ecosystem carbon exchange in three Mediterranean ecosystems
and found that droughts will influence gross primary production more than the ecosystem respiration.
Parton et al. [28] analyzed net ecosystem production on the short grass steppe vegetation and found
that net carbon uptake is reduced during low precipitation events. These pervious analyses [8,24–28]
mainly focus on measurements over a small area. Global distributed CO2 data from AIRS offer a unique
opportunity to explore the impact of droughts on atmospheric CO2 over large spatial domain.

In recent years, the drought has become a severe problem over the southwestern USA. The recent
drought in California is the most severe in the past 1200 years [29]. However, investigations of the
relationship between the drought events and the concentration of CO2 over the southwestern USA are
lacking. The relatively long-term CO2 retrievals from AIRS provide a unique opportunity to examine
such a relationship. In this paper, we will combine satellite CO2, vertical pressure velocity, and CO2

surface emissions to investigate the impact of droughts on CO2 concentrations in the mid-troposphere
over southwest USA.

2. Data

Tropical Rainfall Measuring Mission (TRMM) precipitation is employed to identify dry and wet
years in this paper. TRMM precipitation data (Version 7 3A12) are available from 1998 to the present
covering 50◦S–50◦N. The spatial resolution of TRMM precipitation is 0.25◦ in latitude and 0.25◦ in
longitude. TRMM calibrated precipitation data include observations from several different instruments
(TMI, AMSR-E, SSM/I, and AMSU-B) [30].

AIRS Version 5 mid-tropospheric CO2 mixing ratios [16,22,31] are used in this paper to explore the
influence of droughts on atmospheric CO2. The Vanishing Partial Derivative (VPD) Method [16,31,32]
is used to retrieve AIRS mid-tropospheric CO2 data, which has a maximum sensitivity at 500–300 hPa.
The spatial resolution of AIRS CO2 retrieval is 2◦ in latitude and 2.5◦ in longitude covering 60◦S
to 90◦N. AIRS mid-tropospheric CO2 data are available from September 2002 to December 2013
and can be downloaded at http://disc.sci.gsfc.nasa.gov/AIRS/data-holdings/by-data-product-v5/
AIRX3C2M [32]. A comparison between AIRS mid-tropospheric CO2 and convolved INTEX-NA
aircraft CO2 reveals a difference of 0.15 ppm with a standard deviation of 0.71 ppm [16,31,32].
AIRS mid-tropospheric CO2 has also been compared with CONTRAIL aircraft CO2 and there is
a bias of 0.1 ppm with a standard deviation of 1.8 ppm [16,31,32].

CO2 surface fluxes from the biosphere and biomass burning are used to explore CO2 surface
emissions during dry and wet years. The exchange of CO2 between biosphere and atmosphere from
the Carnegie-Ames Stanford Approach (CASA) biogeochemical model [33–38] is utilized to explore the
biosphere–atmosphere interaction during dry and wet years. The CASA model uses satellite data and
a mechanistic plant and soil carbon model to simulate the carbon from the terrestrial ecosystem [33–35].
Influences of the Normalized Difference Vegetation Index (NDVI), weather, and fire on biosphere are
considered in the CASA model [36–38]. Satellite NDVI data are used to parameterize net primary
production in the CASA model [39], which calculates the exchange of CO2 between the atmosphere and
biosphere at different time steps and different spatial resolution. Net Ecosystem CO2 Exchange (NEE),
Gross Primary Production (GPP), and ecosystem respiration from the CASA biogeochemical model
will be used to explore the influence of droughts on CO2 fluxes from the biosphere. NEE represents
the net exchange of CO2 between the biosphere and the atmosphere, which is calculated as the
difference between ecosystem respiration and GPP. Ecosystem respiration represents the autotrophic
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and heterotrophic respiration from the biosphere. GPP is related to the carbon uptake by plants during
the photosynthesis. CO2 biomass burning emissions are from Global Fire Emissions Database Version
4.1 (GFEDv4.1) [40]. CO2 emissions from biosphere and biomass burning are available at 0.25 × 0.25◦

(latitude by longitude). These data are monthly means from 1997 through 2013.
Vertical pressure velocity data at 500 hPa from the National Centers for Environmental Prediction

2 (NCEP2) Reanalysis data [41] are used in this paper to explore the influence of circulation on CO2

during dry and wet years. Vertical pressure velocity is defined as the rate of change of pressure (P)
with time (t) (dP/dt). The spatial resolution of vertical pressure velocity data is 2.5◦ in latitude and
2.5◦ in longitude. Monthly mean data are available from 1979 to present.

3. Results

To identify wet and dry years, we calculate averaged TRMM precipitation over the southwestern
USA (32◦N–42◦N, 235◦E–249◦E) from June through September (JJAS) in 2003–2013, as well as the
mean value and the standard deviation of these data. When the precipitation is 0.5 times standard
deviation above (below) the mean value (35.1 mm), it is classified as a wet (dry) year. Red dashed
lines in Figure 1 represent mean precipitation ±0.5 times standard deviation of TRMM precipitation.
As shown by red dots in Figure 1, 2006, 2008, 2011, and 2012 are wet years. Dry years (2003, 2007, and
2010) are shown by green dots in Figure 1.
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To investigate the influence of droughts on AIRS mid-tropospheric CO2, we first remove the 
linear trend [42] from the AIRS mid-tropospheric CO2 data. We then calculate mean values of AIRS 
detrended CO2 for dry years (JJAS of 2003, 2007, and 2010) and wet years (JJAS of 2006, 2008, 2011, 
and 2012) separately. Figure 2a,b demonstrate spatial patterns of the detrended AIRS  
mid-tropospheric CO2 for dry years and wet years, respectively. The difference of the detrended AIRS 
mid-tropospheric CO2 between dry years (JJAS of 2003, 2007, and 2010) and wet years (JJAS of 2006, 
2008, 2011, and 2012) is shown in Figure 2c. There is more CO2 over the southwestern USA during 
dry years than wet years. The CO2 difference between dry and wet years is ~1 ppm. There are ~4000 
AIRS CO2 retrievals in each grid box for dry and wet months. Since the error for an individual CO2 
retrieval follows a Gaussian distribution and is random [31], the CO2 error in each grid box is equal 
to the CO2 standard error (~1–2 ppm) divided by the square root of number of data [22]. As a result, 
the error for the CO2 is less than 0.1 ppm, which is significantly less than the 1 ppm difference between 
dry and wet years shown in Figure 2c.  

Figure 1. TRMM precipitation (black solid line) averaged over southwestern USA (32◦N–42◦N,
235◦E–249◦E) from June to September in 2003–2013. Red dashed lines represent mean precipitation
±0.5 times standard deviation of precipitation. Units for precipitation are mm/month. Red dots, green
dots, and black dots indicate wet years, dry years, and normal years, respectively.

To investigate the influence of droughts on AIRS mid-tropospheric CO2, we first remove the
linear trend [42] from the AIRS mid-tropospheric CO2 data. We then calculate mean values of AIRS
detrended CO2 for dry years (JJAS of 2003, 2007, and 2010) and wet years (JJAS of 2006, 2008, 2011, and
2012) separately. Figure 2a,b demonstrate spatial patterns of the detrended AIRS mid-tropospheric
CO2 for dry years and wet years, respectively. The difference of the detrended AIRS mid-tropospheric
CO2 between dry years (JJAS of 2003, 2007, and 2010) and wet years (JJAS of 2006, 2008, 2011, and
2012) is shown in Figure 2c. There is more CO2 over the southwestern USA during dry years than wet
years. The CO2 difference between dry and wet years is ~1 ppm. There are ~4000 AIRS CO2 retrievals
in each grid box for dry and wet months. Since the error for an individual CO2 retrieval follows a
Gaussian distribution and is random [31], the CO2 error in each grid box is equal to the CO2 standard
error (~1–2 ppm) divided by the square root of number of data [22]. As a result, the error for the CO2
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is less than 0.1 ppm, which is significantly less than the 1 ppm difference between dry and wet years
shown in Figure 2c.Remote Sens. 2017, 9, 852  4 of 10 
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A bootstrap method is used to calculate the statistical significance of CO2 differences between dry
years and wet years [43,44]. The bootstrap method can be used for any distribution function of the
data [43]. We generate 3000 bootstrap samples for the data in each grid. For each bootstrap sample, we
repeat random re-sampling of the data, which will be further utilized to estimate the confidence interval
at each grid. The CO2 differences statistically significant at the 5% significance level and 1% significance
level are plotted as light green and dark green areas in Figure 2d. Results are considered to be statistically
significant when the significance level is 5% or less, which corresponds to two standard deviations [42].
As shown in Figure 2d, the CO2 difference is within the 5% significance level in all regions.

To explore possible mechanisms for high CO2 concentrations during dry years, we investigate
the 500 hPa vertical pressure velocity and CO2 surface emissions during dry and wet years.
Vertical pressure velocity during dry years and wet years are shown in Figure 3a,b, respectively.
Negative values of vertical pressure velocity represent rising air, while positive values of vertical
pressure velocity represent sinking air. As shown in Figure 3a,b, there is rising air over most regions
for both dry years and wet years. The difference of 500 hPa vertical pressure velocity between dry
years and wet years is shown in Figure 3c. There is stronger rising motion in dry years than in wet
years over northern California, Nevada, Utah, and Arizona. The stronger rising motion in the dry
years can bring more CO2 from surface to the mid-troposphere, which contributes to the high CO2

concentrations in the mid-troposphere during dry years. The surface temperature is higher over inland
regions during dry years than wet years, resulting in an unstable environment, which will move air
from the surface to the mid-troposphere. Rising air can further bring high concentration CO2 from the
surface to the mid-troposphere, which leads to positive CO2 anomalies during dry conditions.
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Figure 3. (a) The mean value of 500 hPa vertical pressure velocity, from NCEP2, in dry years (JJAS of
2003, 2007, and 2010); (b) the mean value of 500 hPa vertical pressure velocity in wet years (JJAS of 2006,
2008, 2011, and 2012); (c) 500 hPa vertical pressure velocity differences between the dry and wet years;
and (d) vertical pressure velocity differences within 5% significance level and 1% significance level are
highlighted in light green and dark green. Units for Vertical pressure velocity are 10−2 Pa/s in (a–c).

In addition to the vertical pressure velocity, we also explore the CO2 surface emissions to
see if CO2 surface emissions can influence mid-tropospheric CO2 concentrations during drought
conditions. The mean values of Net Ecosystem Exchange (NEE) during dry years and wet years are
shown in Figure 4a,b. NEE represents the net exchange between the biosphere and the atmosphere.
Positive NEE means that CO2 is released from biosphere to atmosphere, while negative NEE suggests
that CO2 is removed from the atmosphere by vegetative uptake. As shown in Figure 4a,b, NEE is
positive over southern California and Arizona and negative over northern California and part of Utah.
NEE differences between dry years and wet years are shown in Figure 4c. As shown in Figure 4c, there
are positive NEE anomalies over most regions of Nevada, Utah, and part of California and Arizona
during dry years, which mean more CO2 is released to the atmosphere from biosphere during dry
years in these regions. The increased CO2 released from the biosphere can contribute to high CO2

concentrations during dry years. There are also some negative NEE anomalies over California and
Arizona during dry years.

Since NEE is related to photosynthesis and respiration from the biosphere, we explore Gross
Primary Production (GPP) and ecosystem respiration in Figures S1 and S2 in the Supplementary
Materials. GPP represents photosynthesis by the biosphere. The difference in GPP between dry years
and wet years is shown in Figure S1c. Negative GPP anomalies are seen over Nevada and California
in Figure S1c, which suggests that there is less photosynthesis by the biosphere during dry years.
Less photosynthesis means less CO2 uptake from biosphere. Thus, there will be more CO2 remaining
in the atmosphere during dry years over Nevada and California. There are also positive anomalies
of GPP over Arizona and Utah, which means more CO2 is removed from the atmosphere over these
regions during the dry years, which will be partly canceled by the positive anomalies of ecosystem
respiration in the same regions (Figure S2c). As shown in Figure S2c, the difference in respiration
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is positive over Nevada, Utah, Arizona, and some areas in California, which suggests more CO2 is
released to the atmosphere due to respiration during dry years over these regions. These increased
biospheric emissions will contribute to the positive CO2 anomaly in the atmosphere. There are also
some negative anomalies of respiration over California, which corresponds to lower CO2 emissions to
the atmosphere due to the respiration.
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years (JJAS of 2003, 2007, and 2010); (b) the mean value of NEE in wet years (JJAS of 2006, 2008, 2011,
and 2012); (c) NEE differences between the dry and wet years; and (d) NEE differences within 5%
significance level and 1% significance level are highlighted in light green and dark green. Units for
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In addition to the net exchange between biosphere and atmosphere, we also explore CO2 biomass
burning during dry and wet years (Figure S3c). The difference in CO2 from biomass burning between
dry and wet years is a little noisy. As shown in Figure S3c, there are positive CO2 anomalies from
biomass burning over some areas. However, there are also some negative CO2 anomalies, which might
be related to different locations of biomass burning during different years.

Finally, we explore the influence of droughts on fossil fuel CO2 emissions. We analyze monthly
mean fossil fuel CO2 emissions from the Carbon Dioxide Information Analysis Center (CDIAC) [45].
As shown in Figure S4c, the difference of fossil fuel CO2 emissions is small between dry months and
wet months. Although there are very weak CO2 anomalies over southern California and southern
Arizona, the anomalies are not statistically significant. This might be because the fossil fuel CO2

emissions are anthropogenic sources of atmospheric CO2, so the influence of droughts on fossil fuel
CO2 emissions is small. Human activities continue despite the occurrence of droughts.

4. Discussion

In this paper, we explore the influences of droughts on CO2 and discuss possible sources (e.g.,
circulation, NEE, biomass burning, and fossil fuel emissions) for the CO2 anomalies in the atmosphere.
It should be mentioned that the NEE from CASA model also has some limitations. For example, the
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CASA model used in this paper does not include CO2 and nitrogen fertilization, which might influence
the NEE results. Yang et al. [46] utilized TCCON column CO2 and aircraft profile CO2 to estimate NEE
and found that the CASA model underestimates the NEE by 25%. In another study, Jiang et al. [47]
found that NEE from the CASA model is underestimated in the mid-latitudes. One way to improve
the model is to use more observations. We can use an inverse model (such as GEOS-Chem adjoint
model) to identify possible weakness in the CO2 surface fluxes. Observation data, such as AIRS CO2,
can be used to better understand/constrain the net ecosystem exchange from the CASA model by the
inverse modeling in the future.

In addition to the factors discussed above, other factors can also affect the CO2 fluxes during
droughts. In both urban and farm areas, there is more irrigation to help crops and landscapes to
survive during droughts, which will lead to a small difference of CO2 fluxes from biosphere and
soil during dry and wet months. During dry months, surface temperature is higher than during wet
months. The high-temperature anomalies result in warm soil, which leads to increased CO2 emissions
due to decomposition in the soil [48]. Moisture can contribute even more to the positive CO2 anomaly
in the atmosphere. Meanwhile, low soil moisture during droughts will limit plant growth, which can
also influence the CO2 flux from the biosphere.

In this paper, we focus on the influence of droughts on CO2 over the southwestern USA, since
drought has been a severe problem over this region in recent years. Precipitation has different behaviors
over different regions; for example, precipitation increases in some areas while decreases in other
areas [49–51]. We will explore the impacts of droughts on CO2 in other regions in the future.

5. Conclusions

CO2 and precipitation play critical roles in global warming and the hydrological cycle, respectively.
The long-term CO2 retrievals from the AIRS aboard the Aqua satellite and the precipitation
measurements from the TRMM provide a great opportunity to explore the interaction between CO2

and precipitation. Our analyses based on new observations suggest that the mid-tropospheric CO2

concentrations are higher during dry years than wet years over the southwest USA. Results in this
paper provide an insight on how droughts can influence CO2 concentrations in the mid-troposphere.
Mid-tropospheric CO2 concentrations are ~1 ppm higher during dry years than wet years.

We further use reanalysis meteorology datasets to explore the physics behind the relationship
between drought and CO2. As shown by NCEP2 vertical pressure velocity data, there is stronger
rising motion over the southwestern USA during drought conditions, which can bring high CO2

concentrations from the surface to the mid-troposphere and help increase the CO2 concentration
in the mid-troposphere during dry years. CO2 surface fluxes (NEE, GPP, respiration, and biomass
burning) are used to explore the impact of droughts on the CO2 surface fluxes. The signals in the CO2

surface fluxes are a little noisy. During dry years, there is less CO2 uptake from the biosphere due to
decreased photosynthesis in some regions (e.g. northern California and Nevada). As a result, more
CO2 will remain in the atmosphere. There are also positive anomalies of CO2 emissions associated
with respiration over Arizona, Utah, and Nevada. Positive anomalies of CO2 from biomass burning
are also seen in some regions. These results suggest that vertical velocity and biospheric activities can
contribute to the positive CO2 anomaly during droughts.

Results obtained from this study suggest that droughts over the southwestern USA lead to more
CO2 in the mid-tropospheric atmosphere during the dry years. Our analyses also suggest that the
atmospheric dynamics (e.g., vertical motion) affects the concentration of CO2 in the mid-troposphere.
Finally, the relationship between the CO2 concentrations and the surface biologic activities explored
in this study will help us better understand the interaction between biosphere and atmosphere.
The frequencies of extreme weather events (such as droughts and floods) have increased over
the last decade, consistent with a warmer and wetter atmosphere driven by radiative imbalance
from greenhouse gas warming [52]. This paper reveals that droughts can in turn change the CO2

concentrations in the atmosphere.
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Results from this paper can help us better understand CO2 and precipitation, two important
components of the climate system. Observational studies provide constraints that must be incorporated
into models, and hence this study will benefit the validation and development of models. Analyses in
this study are also applicable for other regions of the world. This study helps us better understand
Earth’s climate system and provide a quantitatively analysis of the impact of droughts on trace gases.

Supplementary Materials: The following are available online at www.mdpi.com/2072-4292/9/8/852/s1,
Figure S1: (a) The mean value of Gross Primary Production (GPP) in dry years (JJAS of 2003, 2007, and 2010),
(b) The mean value of GPP in wet years (JJAS of 2006, 2008, 2011, and 2012), (c) GPP differences between the dry
and wet years. (d) GPP differences within 10% significance level are highlighted in green. Units for GPP are g C
m-2 mon-1 in (a)-(c), Figure S2: (a) The mean value of Ecosystem Respiration (Re) in dry years (JJAS of 2003, 2007,
and 2010), (b) The mean value of Re in wet years (JJAS of 2006, 2008, 2011, and 2012), (c) Re differences between
the dry and wet years. (d) Re differences within 10% significance level are highlighted in green. Units for Re
are g C m-2 mon-1 in (a)-(c), Figure S3: (a) The mean value of biomass burning in dry years (JJAS of 2003, 2007,
and 2010), (b) The mean value of biomass burning in wet years (JJAS of 2006, 2008, 2011, and 2012), (c) Biomass
burning differences between the dry and wet years, (d) Biomass burning differences within 10% significance level
are highlighted in green. Units for biomass burning are g C m-2 mon-1 in (a)-(c).
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