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Abstract. Synoptic variations of atmospheric GProduced layer CQ, and that forward and inverse simulations should
by interactions between weather and surface fluxes are intake care to represent moist convective transport. Due to the
vestigated mechanistically and quantitatively in midlatitude scarcity of tropical observations at the time of this study, re-
and tropical regions using continuous in-situ £@bserva-  sults in Amazonia are not generalized for the tropics, and
tions in North America, South America and Europe and for- future work should extend analysis to additional tropical lo-
ward chemical transport model simulations with the Parame-cations.

terized Chemistry Transport Model. Frontal €€imatolo-
gies show consistently strong, characteristic frontah GiQ-
nals throughout the midlatitudes of North America and Eu-
rope. Transitions between synoptically identifiable ;Cir
masses or transient spikes along the frontal boundary typi- . L .
cally characterize these signals. One case study of a summéofn important method for estimating net sources and sinks

cold front shows CQ gradients organizing with deforma- of Cafbof‘ is through trager fransport inversion, where at-
tional flow along weather fronts, producing strong and Spa_mosphenc CQ concentrations (hereafter denoted g@nd

tially coherent variations. In order to differentiate physical ahtransftpor(tj modeclj aref con;lblned to |nfeerurfaceZCtﬁl)x2002.
and biological controls on synoptic variations in midlatitudes( ereafter denoted surface flux) patterns (Gurmey etal., '

and a site in Amazonia, a boundary layer budget equation igbdenb_eck_et al., 2003; Baker et a.I., 2006).‘ With more con-
constructed to break down boundary layer O@ndencies tinuous in-situ CQ surface observations available around the

into components driven by advection, moist convection, andworld, inversions can integrate high frequency measurements

surface fluxes. This analysis suggests that, in midlatitudest,o improve flux estimation. These continental measurements

advection is dominant throughout the year and responsibl@Ontaln short-term diurnal and synoptic (day-to-day) varia-

for 60~70% of day-to-day variations on average, with moisttions strongly influenced by coupling bgtween weather and
convection contributing less than 5%. At a site in Amazo- S;Jrff‘c‘;ggz'(‘ig-' lj[aV\l/ etzgl(.),42.OF())2,IQer?lglet§$6§9€3, Geels
nia, vertical mixing, in particular coupling between convec- etal, , Hin et al, » Peylin et al., , Ladvaux
tive transport and surface Gdlux, is most important, with et al., 2008). Global and regional models of the atmosphere
advection responsible for 26% of variations, moist convec-Must capture the heterogeneous nafure of transport and sur-

tion 32%, and surface flux 42%. Transport model sensitivityface flux (Ggelslet a||-1 2C004i Wang ega|:, k2007')hin order to
experiments agree with budget analysis. These results implduantify regional scale Cfsources and sinks with any cer-
the existence of a recharge-discharge mechanism in Amaz ainty.

nia important for controlling synoptic variations of boundary ~ C0upling between weather and surface flux helps create
day-to-day variations in boundary layer g®uch as those

of Fig. 1, which shows mid-afternoon planetary boundary
Correspondence td\. C. Parazoo layer (PBL) CQ — given as a mole fraction in units of parts
BY (nparazoo@atmos.colostate.edu) per million (ppm) — from sites in North America, South
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Fig. 1. Mid-afternoon CQ (ppm) at in-situ continuous sites (solid, left y-axis) and monthly standard deviation of mid-afternoon values
(dashed, right-y-axis) for 1 year. Station and corresponding year are labeled within plot. The locations of these stations are shown in Fig. 2.

America and Europe. Mid-afternoon is chosen because the Davis et al. (2003) observe that daily PBL gt@ndencies
amount of regional and synoptic influence on tracer con-at a site in the northern part of the United States are governed
centrations within well-mixed boundary layers is maximized primarily by local net ecosystem exchange (NEE, defined as
during this time (Bakwin et al., 1998). Synoptic variations of gross primary production minus ground respiration) during
10-20 ppm over 1-3 days are common, comparable to sedair weather. During the seasonal transition months of May
sonal amplitudes. Continental variations under terrestrial in-and September, however, the sign of NEE is contradictory
fluence are frequently much stronger than variations in reto CO, tendencies expected from NEE of gQPreliminary
mote mountainous and maritime locations (e.g., Patra et alinvestigation explained this through the presence of discrete
2008). Comparison of monthly standard deviation of mid- non-fair weather events such as frontal passage.
afternoon values at continental (e.g., LEF, HRV, and HEI)  \1achanisms proposed in the literature to explain synop-
and remote (e.g., ALT, BRW, and ZEP) sites confirms this ¢ \ariations during frontal passage include (see Geels et
(Fig. 1). These variations are large and must be reproduced; 5004): (1) nonlocal influence through lateral advection
properly, in timing and magnitude, in model simulations. ¢ upstream horizontal COgradients (e.g., Worthy et al.,
2003; Chan et al., 2004; Geels et al., 2004; Corbin and Den-
ning, 2006); (2) vertical mixing through moist convection
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and frontal lifting over air mass boundaries along frontal
zones (e.g., Chan et al., 2004); and (3) ecosystem respiratiol
and photosynthesis response to frontal weather (e.g., Chai
et al., 2004). These studies show that horizontal advection
of remotely generated CGanomalies is an important source
for downstream variations. Additionally, Chan et al. (2004) /" i
show that biospheric fluxes are strongly coupled to radiative /i
forcing changes under cloud cover associated with fronts. [
Although most of the sites shown in Fig. 1 are in mid- "
latitudes, it is interesting that the magnitude of day-to-day { *
variations at the one tropical site, TPJ, is on the same ordet\".
as those in midlatitudes. It is well known that the nature of
weather in Amazonia is much different from that of midlat-
itudes. This is explained in part by the different energetics
of the atmosphere. In the tropical atmosphere of Amazo-
nia, latent heat release associated with cumulus convection igig. 2. Map of in-situ continuous sites.
the significant source of energy for weather (Holton, 1992).
Although latent heat is important in midlatitudes, it is gen-
erally thought to be a secondary energy source for synoptia0 m are included in the analysis for consistency. Figure 2
weather. Midlatitude synoptic scale weather disturbances deshows the location of each site. Table 1 gives a brief descrip-
rive energy from the zonal available potential energy assocition and references for each site. Descriptions of the major-
ated with latitudinal temperature gradients (baroclinicity). In jty of these sites, in addition to some data access, can also be
Amazonia, because of weak temperature gradients and negound athttp://www.esrl.noaa.gov/gmd/ccgg/index.htanld
ligible Coriolis effect, baroclinic effects are weak. Due to http://gaw.kishou.go.jp/wdcgg/
thermodynamic constraints, horizontal mixing is more preva- - Many of the observations contain large diurnal cycles, es-
lent in midlatitudes while vertical convective mixing is more pecially during the summer and in Amazonia. The diurnal
prevalent in Amazonia. These differences in weather play arcycle is a result of covariance between atmospheric mixing
important role in controlling synoptic CQvariations. processes and surface exchange with the biosphere (the so-
Studies have shown the need for accurate forward modealled rectifier effect). Law et al. (2008) analyze simulated
eling of atmospheric transport as a requisite for reliable in-diurnal cycles across a range of chemical transport models
verse estimate of surface flux (e.g., Gurney et al., 2003)and find that amplitude errors can be attributed to site loca-
This study investigates and quantifies physical (transport bytion (e.g., remote, island, mountain, coastal, and continental
advection and moist convective mixing) and biological (sur- sites), altitude, model vertical resolution, sampling choice in
face sources and sinks due to vegetative uptake/emission anHe vertical and horizontal, choice of land surface flux, and
anthropogenic emission) mechanisms responsible for synopsubgrid-scale spatial heterogeneity in surface flux. These er-
tic variations of CQ in midlatitudes and Amazonia using rors are amplified during stable nocturnal boundary layers,
well-calibrated continuous observations from 17 sites acrossvhen surface emissions of Gdecome strongly stratified
the globe, global transport model simulations, and boundanyjin the vertical. This situation creates strong vertical gradi-
layer budget analysis. The remainder of the paper is orgaents near the surface that are difficult for models to resolve.
nized as follows: Sect. 2 describes the simulation models ann the contrary, the daytime convective PBL creates a well-
CO; observations, Sect. 3 discusses the observed and sinmixed boundary layer such that G@nixing ratios near the
ulated synoptic variations at sites in North America, Southsurface are similar to those near the PBL top (Bakwin et al.,
America, and Europe, and Sect. 4 summarizes key findings.1998). Because stable nocturnal conditions make variations
near the surface difficult to simulate, only mid-afternoon ob-
servations and model output are utilized in this study, @O
2 Methods averaged from 01:00-05:00 p.m. local time when the PBL is
assumed to be near its maximum depth.

2.1 Observations

2.2 Models and driver data
Continuous CQ observations are utilized to investigate day-
to-day temporal variations at a point in space. These data ar€he Parameterized Chemistry Transport Model (PCTM) is
collected at hourly resolution from well-calibrated continu- used for forward global simulations of G@ransport (e.g.,
ous stations in North America, South America, and Europe.Kawa et al., 2004). This provides a diagnostic tool for
Although the range of measurement heights varies from 9-studying synoptic interactions among weather and surface
457 m above the ground, only measurements between 9flux. Transport fields are provided by NASAs Goddard Earth
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Table 1. Description of Continuous Sites. Station ID corresponds with locations in Fig. 2.

Station ID  Station Name Station Description
LEF Park Falls Northern Wisconsin; surrounded by mixed forest, wetlands,
agriculture, and heavy population to the SE (Bakwin et al., 1998)
FRS Fraserdale South of the Hudson Bay Lowland and
north of the boreal forest (Higuchi et al., 2003)
SGP Southern Great Plains  Great Plains of North America in a region of strong moisture gradients,
characterized by agriculture (Sims and Bradford, 2001)
WKT Moody Great Plains of North America in a region of strong
moisture gradient, characterized by cattle grazing (NOAA GMD)
WPL Western Peatland Southern boreal forest of Canada (Syed et al., 2006)
CDL Candle Lake Southern boreal forest of Canada (WDCGG)
HRV Harvard Forest Northeastern United States; characterized by deciduous
forest and heavy population to the south (Barford et al., 2001)
AMT Argyle Northeastern United States; characterized by
deciduous forest and heavy population to the south (NOAA GMD)
TPJ Tapajos Tapajos National Forest in the Amazon Basin (Goulden et al., 2004)
ALT Alert Northeastern tip of Ellesmere Island in Nunavut,
remote from major industrial regions (Worthy et al., 1998)
BRW Barrow Alaskan coast of the Arctic Ocean, remote from major industrial regions (WDCGG)
PAL Pallas Northern Finland in the subarctic at the northern limit
of the northern boreal forest zone (Eneroth et al., 2005)
SBI Sable Island Island off the coast of Nova Scotia influenced by anthropogenic and
terrestrial airflow of North America (Worthy et al., 2003)
MHD Mace Head West coast of Ireland with westerly exposure to
the North Atlantic Ocean (Biraud et al., 2002)
ZEP Zeppelin Mountain ridge in the European Arctic off the
western coast of Spitsbergen (Stohl et al., 2006)
HEI Heidelberg Germany, fairly strong industrial influence to the east (Gamnitzer et al., 2006)
HUN Hungary Western Hungary, flat region surrounded by

agriculture and patchy forest (Haszpra et al., 2001)

Observation System, version 4 (GEOS4), data assimilatiorprocesses in climate models (Sellers et al., 1986), but later
system (GEOS4-DAS) (Bloom et al., 2005) and include 6-adapted to include ecosystem metabolism (Sellers et al.,
hourly analyzed winds, temperatures, diffusion coefficients,1996; Denning et al., 1996). SiB3 involves the direct calcu-
and convective mass fluxes. GEOS4-DAS is built around thdation of carbon assimilation by photosynthesis to calculate
finite-volume general circulation model based on the Lin- land-atmosphere CQOexchange (Denning et al., 1996; Sell-
Rood dynamical core (Lin and Rood, 1998). Physical pa-ers et al., 1996). The soil representation is similar to that of
rameterizations are derived from the National Center for At-the Common Land Model (see Dai et al. 2003), with 10 soll
mospheric Research Community Climate Model, Version 3layers and an initial soil column depth of 3.5m. Tempera-
(Kiehl et al., 1998). Subgrid scale vertical processes includeure, moisture, and trace gases are calculated prognostically
cumulus convection (cloud mass flux from deep (Zhang andn the canopy air space. SiB3 has been evaluated against eddy
McFarlane, 1995) and shallow (Hack, 1994) parameterizedcovariance measurements at a number of sites (Baker et al.,
convection) and turbulence parameters. Non-conservation a2003; Hanan et al., 2005; Vidale and Stockli, 2005).

mass in the data assimilation process, important for studies
of tracer transport, is resolved through a “pressure fixer” pro-
cedure (see Kawa et al., 2004).

SiB3 is run in steady state mode in which ecosystem res-
piration balances gross primary production (Denning et al.,
1996) over one year at every grid point. This eliminates long-
Surface sources and sinks include hourly NEE from theterm sources and sinks. The meridional gradient and secular
Simple Biosphere Model, Version 3 (SiB3), constant in time trends simulated by the model are therefore stronger than ob-
anthropogenic fossil fuel emissions (Andres et al., 1996), andserved (Kawa et al., 2004), but this study focuses on synoptic
monthly air-sea exchange of G@Takahashi et al., 2002). time scales. Flux and energy calculations in SiB3 are driven
Fire emissions are ignored. SiB3 is a land-surface paramby GEOS4-DAS meteorology for the same time period as
eterization scheme originally used to simulate biophysicalPCTM such that transport and surface flux are synchronized.

Atmos. Chem. Phys., 8, 7238254 2008 www.atmos-chem-phys.net/8/7239/2008/
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Fig. 3. Simulated evolution of daytime COsurface anomalies (color contours given in ppm) with surface winds (white vectors) over 4-day
period from 4—7 September 2004. All snapshots occur at 18 GMT. Day 1 corresponds ttA)dds& eptember), day 2 {8) (5 September),
day 3 to(C) (6 September), and day 4 (D) (7 September). The red L represents a cyclonic low-pressure center. The black cross indicates

the location of FRS.

GEOSA4-DAS precipitation is scaled by monthly precipitation be included in the surface emissions. Thex@ltribution is
from the Global Precipitation Climatology Project (GPCP) therefore determined only by transport from surface sources
(Huffman et al., 2001) to force total monthly precipitation and removal by surface sinks.

in GEOS4-DAS to match that of GPCP. The time at which

precipitation occurs remains unchanged so that covariance

of anomalies in cloudiness, moisture, and vertical transpor8 Results and discussion

is conserved. . ) ) )
As discussed in Sect. 1, frontal passage events in the spring

Details of PCTM and the experimental setup are similarand autumn cause GQvariations that are inconsistent with
to Kawa et al. (2004). PCTM is run from 2000-2004 at local NEE. It is well known that any tracer tends to align
1.25 by 1° (longitude by latitude) with 25 levels to 1 mbar, along the deformation axis of temperature fronts. This is be-
where 2000-2002 comprised the spin up period to establislcause sharp temperature gradients exist along fronts and it
the interhemispheric Cgradient. CQ is treated as a pas- is natural for long-lived tracers such as £€@ experience
sive tracer, with the time rate of decay ignored at synopticsimilar contrasts. This is important for interpretation of high
scales and the small source from CO oxidation assumed térequency CQ observations, which experience strong and

www.atmos-chem-phys.net/8/7239/2008/ Atmos. Chem. Phys., 8, 72882008
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Fig. 4. (Left Y-Axis) Summer (June—July—August—September) climatology of observed (blue) and simulated (red) frontéF&dRight

Y-Axis) Total fractional contribution of advective tendencies computed from budget analysis (black dashed lines). Climatologies created
using method described in Sect. 3.2. The time of frontal passage is denoted by 0 on the x-axis. The station and number of events used in the
averaging (n) is indicated within each plot.

sudden variations (see Fig. 1) as a consequence of large-scaleExamples of deformational flow along cold fronts and re-

dynamics (rather than strictly local processes) in which insta-sulting frontal CQ variations are discussed in Sect. 3.1 and

bilities in the general circulation lead to formation of surface 3.2. These variations are then broken down through budget

fronts. These fronts work on CQradients near the surface analysis in Sect. 3.3. Analysis is generalized to all transport

and transport C®anomalies across the continent. This type events in midlatitudes and Amazonia in Sect. 3.4.

of information is important for carbon modelers who wish to

utilize hourly CQ observations. Ignoring diurnal variations, 3.1 Deformational flow

these events are the dominant source of variance in midlati-

tude CQ observations, creating the synoptic “signal” seenin As is shown in Sect. 3.2, transient variations are common

Fig. 1. Itis therefore necessary to quantitatively explain themduring frontal passage. These variations are easily seen

if inverse analysis is to be valid. The following discussion, in snapshots of simulated GO An example of this, near

followed by sensitivity experiments using PCTM, explores Fraserdale, is shown in Fig. 3. Here, several positives CO

these variations quantitatively and qualitatively. anomalies (SW quadrant of 3A and 3B) have formed ahead
of the developing cyclone (NW quadrant of 3B) due, in this

Atmos. Chem. Phys., 8, 7238254 2008 www.atmos-chem-phys.net/8/7239/2008/
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Fig. 5. Same as Fig. 4 except for Winter (November-December—January—Febraury).

case, to persistent positive NEE and advection of fossil fuel Cloudiness and precipitation are common along frontal

emissions from the east (not shown). The anomalies mergé&ansition zones. Evidence that @@nomalies concentrate

together in the wind shear south of the cyclone. On day 3along this same zone presents a potential problem for satel-

(3C) the anomalies align with the front and advect to the eastite observations of column C{because frontal anomalies

during day 4 (3D). The preexisting NE-SW @Qradientis  are likely to be hidden under clouds (Corbin and Denning,

organized and concentrated into a narrow frontal zone of higt2006). Surface observations, which measure continuously in

CO; by shearing and deformational flow. time, are a critical means for recording boundary layer vari-
In this example a traveling surface front creates impor-ations along fronts, and therefore an important way to ob-

tant downstream variations. This example demonstrates theerve fluxes that occur for thousands of kilometers upstream.

importance of fronts, through deformation flow and advec-Continuous surface observations are therefore complemen-

tion, for transporting remotely generated £&homalies, en-  tary to satellite observations, which observe much more con-

hancing gradients, and causing variations that are non-locainuously in space.

at sites thousands of kilometers away. Budget analysis in

Sect. 3.3 shows the importance of advection during frontal3 2 Frontal CQ

passage. This same analysis is used in Sect. 3.4 to show that

advection is largely responsible for many of the day-to-day

L 2 This section provides model and observational evidence that
variations seen in midlatitudes.

fronts contribute to atmospheric variations regardless of local

www.atmos-chem-phys.net/8/7239/2008/ Atmos. Chem. Phys., 8, 72882008
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Fig. 6. July mean surface C&Xlux of net ecosystem exchange (NEE, top left), fossil fuel emissions (FF, top right), total surface flux (NEE
+ FF + air-sea exchange (OCEAN), bottom left), and boundary layer @6ttom right) for North America. Plots of surface flux are on the
same scale, with units gfmol/m?/s, corresponding to the color bar on the bottom left.,@Jplotted in units of ppm, with the corresponding
color bar on the bottom right. Locations of continuous sites are plotted in the bottom left plot for convenience.

surface flux. By averaging frontal G@ignals over multiple  warm-air boundaries of distinct thermal gradient separating
events, the importance of cold fronts for producing strongtwo air-masses, defined by a first-order density discontinu-
downstream variations is shown. These variations are showity due to temperature and/or moisture contrasts and located
to be persistent throughout the year. Additionally, compar-on the warm-air side of the thermal gradient. This defini-
ison between simulated and observed,(fdovides much tion applies to density gradients in space and helps to locate
information about strengths and weaknesses in the modelingurface fronts on weather maps. In this study, this definition
system. is applied to density gradients in time, using temperature and
The procedure for creating frontal G@limatologies is as ~ Water vapor as dgnsity .proxies. These are.u.sed in conjunction
follows. First, some general way of defining frontal zones in With clockwise wind shifts and pressure minima to locate the
which frontal signals occur is needed. This study focuses of¥arm-air boundary (Hewson, 1998; McCann and Whistler,
surface cold fronts in part because the surface signatures terdP01). Other frontal weather fields such as clouds, precipita-
to be more sharply defined than in other fronts, making thention, and radiation are not used to classify fronts. Although
easier to identify and study (Schultz, 2005). Surface frontsimportant for NEE (e.g., Chan et al., 2004) such classifica-
are characterized according to Renard and Clarke (1965)ion is beyond the scope of this study.
Holton (1992) and Hewson (1998), who consider fronts as

Atmos. Chem. Phys., 8, 7238254 2008 www.atmos-chem-phys.net/8/7239/2008/
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Table 2. Annual mean 3-hourly and day-to-day (mid-afternoon) budget tendencies (absolute values) due to horizontal advection (Horizontal),
vertical advection (Vertical), moist convective transport (Cloud), and surface flux (Flux) for AMT, CDL, SGP, and TPJ. Each site includes
3-hourly (ppm/3 h) and daily (ppm/day) tendencies. The mean tendency is the first number of each box. Also included are annual standard

deviations of the mean tendency (second value), and the percentage of the sum of tendencies (third value).

StationID  Time

Horizontal

Vertical

Cloud

Flux

AMT 3-hourly  0.39 (0.50) 14.5% 0.82 (1.07) 30.8% 0.06 (0.11)2.1%  1.40 (1.17) 52.5%
daily 1.76 (1.93) 20.0% 3.96 (3.90)43.9% 0.33 (0.51)3.7%  2.95 (2.47) 32.8%
CDL 3-hourly 0.15(0.18) 16.8%  0.33 (0.39) 37.0% 0.02 (0.05)2.7%  0.39 (0.45) 43.5%
daily 0.65(0.74) 19.6% 1.59 (1.62) 47.9% 0.17 (0.31)5.2%  0.91 (0.84) 27.4%
SGP 3-hourly 0.32(0.42)13.1% 0.63(0.73) 26.6% 0.09 (0.18) 3.6%  1.38 (1.08) 57.2%
daily 1.53(1.89) 18%  3.43(3.19)40.3% 0.52(0.94)6.1%  3.03 (2.02) 35.6%
TPJ 3-hourly 0.12(0.15)2.8%  0.34(0.36) 7.6%  0.51(0.51)11.6% 3.47 (1.40) 78.1%
daily 0.71(0.76) 7.3%  1.85(1.81)19.0% 3.05(3.27)31.4% 4.08 (5.10) 42.1%

Surface pressure and 10 m wind, temperature, and spanodels creates good agreement between simulated and ob-
cific humidity from GEOS4-DAS are used at 3-hourly res- served transport events. Thexl1.25 version of GEOS4-
olution to identify the time of frontal passage at the contin- DAS used in this experiment is therefore expected to repro-
uous CQ sites. Diurnal and seasonal cycles are removedduce the timing and location of transport events in a realistic
from the temperature and specific humidity time series us-way.
ing a butterworth filter until only synoptic variations re-  Frontal CQ climatologies are shown in Figs. 4 and 5.
main (1-5 days). The time of frontal passage is approxi-These climatologies suggest that persistent variations are
mated using the “frontal locator function”, described in Mc- common, and that some sites (e.g., SGP, WKT, SBI, and
Cann and Whistler (2001), as the time at which the functionWPL) feature air mass replacement of higher prefronta} CO
GGp = /s, - /s ‘Bp/at) minimizes over synoptic time  With lower postfrontal C@. At other sites C@ variations

occur as transient spikes during frontal passage (e.g., CDL,
AMT, and ZEP). Time-mean maps of surface flux and near-
surface CQ@ combined with the constraint that all frontal
gvents exhibit clockwise wind shifts characteristic of cold
fronts (i.e., wind direction shift from southerly to northerly)

scales, concurrent with a clockwise wind shift and approx-
imate pressure minimum, whegeis temperature or water
vapor and|| indicates the magnitude of the gradient mf
This function describes temporal gradients of the magnitud

of temporal gradients of density (right side of dot product), . )
with a negative dot product indicating the warm side edge thelps to explain the nature of these signals and why they vary

the frontal zone (see Fig. 3d of Renard and Clark, 1965 fOIbetweep sites. Figure 6 shows avery inerse pa“e“." of t.er-
application of a similar function in space). restrial influence over North America unique to each site (site

After identifying particular events using the frontal locator location plotted for convenience).
: gp . g SGP and WKT, for example, exhibit a frontal signal in
function, frontal composites of CCare constructed by aver- ; o .
X . - which CQ mixing ratios decrease over the course of frontal
aging the filtered hourly data at each station from 48 h be- : : :
gassage, concurrent with strong advection (see Fig. 4). Ac-
(observed and simulated) frontal signal that a station expeE:Ordlng 0 Flg'.G’ the region cont:_;umng the;e sites is domi
) o S : “nated by positive surface flux while the region to the north
riences as fronts pass by, with time increasing on the x-axis : . i
) X X . Is dominated by negative surface flux. This creates a north-
from left to right with zero representing the time of frontal

assage and negative (positive) time anomalies re resentinsouth gradient in surface flux which, when under the influ-
P 9 9 b P Ehce of fair weather typical of a high-pressure system, tends

the signal pefore (after). frontal passa‘%’e. (s.ee Figs. 4 and 5)'to create relatively C®depleted air masses to the north and
Before discussing F|gs..4 and 5, it IS important to note CO; enriched air masses to the south (see bottom right plotin
that .Kawa et al. (2004), using PCTM drlv'en.by the2.5° Fig. 6). If a low-pressure system develops and air is advected
version of GEOS4-DAS, show _that the timing Qf transport ¢om the north during frontal passage, as is expected from
events has a peak at zero lé_‘g IN Cross correla_mons of SImUt'ypical frontal wind patterns, the decreasing £@ndency
lated and observed GOA similar result is foundlm the work associated with frontal signals observed at SGP and WKT is
of Patra et al. (20.08)’ who compare Qﬁimulatn_)ns across explained. Unique upstream surface flux influence (each site
a range of chemistry transport models, all driven by, réan-is gifferent), combined with deformational compression and
alyzed weather, and show that the strongest :~‘,ynoptlc-scalgtrong advection along fronts (see Figs. 4, 5, and Sect. 3.3),

cor_relatlons oceur at zero tlme_ 'a9 and in models_ using f'nerexplain the uniqueness and persistency of frontal climatolo-
horizontal resolution. These findings provide evidence tha%;ies

the use of reanalyzed weather in offline chemistry transpor
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Table 3. Same as Table 2 except for observed and total model ten-Of frontal CQ signals. Sensitivity to season and site loca-

dencies. tion is evident in the C@climatologies. Sensitivity to land
surface model affects synoptic correlations year round and is
Station ID  Time Observed Model strongest at continental sites.
daily 2.88(3.29) 3.62(4.04)
ChL 3-hourly  3.15(4.29)  0.88 (1.14) Overall, PCTM reproduces much of the amplitude, shape,
SGP dsa}'llqy | é'gg (?2(2)) ;'gg (;'gg) and phase of the observed composite surface signals in
dail;) Y 3.75 Es'sog 3.08 §3'15; Figs. 4 and 5. The discussion therefore turns to analysis of
I 3hourly 11.43(9.14) 7.13 (4.22) model outpL_Jt to understand the role gf physical and biologi-
daily 4.47 (455) 2.70 (4.02) cal mechanisms along fronts in creating the frontabG(@-

natures discussed above. Previous studies discuss the exis-

tence of advection, NEE, and moist convection along fronts;

there have been few attempts, however, to quantify the role

) ) o ) of each mechanism in a systematic way to explain the strong
Model-observation mismatches in Figs. 4 and S includegng sydden variations shown, for example, in Figs. 1, 4, and

differences in phase and amplitude. Some of these misg pjagnosis of simulated tendencies associated with frontal

matches are attributed to surface boundary conditions. Algimatologies illustrates the importance of advection com-

though Patra et al. (2008) show that the use of constant ifyareq to surface flux and moist convection during frontal pas-
time and spatially coarse fossil fuel emissions in transportgage. Equation (1)

simulations produces realistic synoptic variations over con-

tinents, it is likely that time varying maps with finer spatial 0C = RT F; aC aC
. y arying maps e Spata L Ky =+ W =4+ Vg xVuC+ (1)
resolution produce more realistic simulations. It is common, ¢ p 21 9z 97 —
for example, for fossil fuel emissions from cities to smearout ;7 e P v
over forests at the current resolution. This is a problem in the
- . - .. MoC
New England region and effectively results in £€nissions g—— =0

from some forests, affecting both the phase and amplitude otj,p_,
frontal CG,. Whether using a higher-resolution fossil fuel vi

map improves correlations at synoptic scales, however, rézo, o sents the simulated g@ndency (i) due to surface flux
mains to be shown. (ii), vertical diffusion (iii), vertical advection (iv), horizontal
A more extreme example of sensitivity to boundary con- advection (v), and vertical cloud transport (vi), whetds
ditions is HEI. Large errors occur at HEI because contami-cQ, mixing ratio in ppm,F, is the surface flux due to NEE,
nation by local fossil fuel emissions is strong. Such strongfossil fuel emissions, and air-sea exchangeis the lowest
point sources are not included in the simulations. Sensitiv-model level <50 m), R is the gas constant, is temperature,

|ty to local contamination is magnified in the winter when p is pressureKm is the vertical diffusion Coefﬁcienu/v is

concentrations near the surface are less likely to mix verti- atical veIocity,VH is the horizontal windg is gravity,

cally. This effectis seen in Fig. 1, with day-to-day variability 4nq 7 is net convective mass flux as described in the work
strongest during winter months. of Kawa et al. (2004).

Another possible explanation for amplitude errors is the To gauge relative importance, the tendencies are output
representation of ecosystem respiration, which is scaled tgrom PCTM every hour. Terms (ii) and (iii) together rep-
balance gross primary production, and the assumption of anresent vertical diffusion of surface flux. This process is rep-
nually balanced surface flux. In regions where long-termresented by two steps within PCTM: In step 1, surface flux
sinks exist in nature, SiB3 estimates of surface flux are tooacts over the lowest model layeri] through term (ii); in
positive and C@ concentrations are overestimated. step 2, CQ is mixed vertically by the vertical diffusion coef-

Patra et al. (2008) show sensitivity of synoptic correla- ficient through term (iii) such that surface fluxes are exposed
tions of modeled C@to a variety of other factors, includ- vertically through the atmosphere. Hourly tendencies at each
ing: (1) the use of 6-hourly wind fields, as used in this study, layer within the PBL are averaged through the three lowest
compared to 3-hourly; (2) season, such that,@Orrela-  model levels (approximately representing the lowest 500m of
tions were generally strongest (weakest) during the winterthe PBL) and then converted to daily and three-hourly ten-
(summer); (3) site location, with the greatest correlations atdencies. Daily tendencies are calculated from 12:00 p.m. of
lower altitude continental sites surrounded by homogeneouslay 1 to 12:00 p.m. of the next day (local time) to represent
terrain; and (4) the choice of land surface model as terresday-to-day (synoptic) influence on PBL concentrations. To
trial biosphere flux. The time resolution of meteorology af- represent the relative influence of each term, individual ten-
fects the timing of frontal passage and therefore the phaseéencies (terms of Eq. 1) are divided by the total tendency
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(sum of terms in Eq. 1). Annual mean percent contributions es
at several sites in North and South America are shown in Ta- g,
ble 2. These values are discussed in more detail in Sect. 3.455N
Here, budget tendencies associated with frontal passagt
are discussed. The dashed lines in Figs. 4 and 5 show th¢™
relative influence of horizontal plus vertical advection on
frontal CG, tendencies. In these plots, the fractional contri-
bution of advection is averaged across the same events use
in the frontal climatologies. This budget analysis suggests =
that the 24-hour advective tendency is approximately 60% **™

during frontal passage in the summer, ranging from about 2 Y vy
30% where total local surface flux (NEE + fossil fuel emis- ) %&}

sions) tendencies are strongest (e.g., FRS and PAL) to abow
75% where advection dominates (coastal sites such as MHD e 4 .
ZEP and SBI and remote regions such as BRW and ALT). '™ &
Vertical cloud transport accounts for about 8% of frontab,CO s
tendencies on average. Advection accounts for a larger per- ., . P
centage in the winter (69%) when NEE is weak. TPJ an
In the analysis above, 60% of midlatitude frontal vari-
ations are attributed to horizontal and vertical transport "Ssw —iZw 1w icm  sow 8w 70w e oW 40
through air mass exchange and deformational flow. This
is not so in Amazonia, where baroclinic disturbance is lessFig. 7. Domains used for NOFLUX, NOCONYV, and RADCLIM
prevalent, yet C@variations during the rainy season are as sensitivity experiments. Grid cells at the center of each domain are
large as midlatitude variations, suggesting the presence dfsed for analysi§. The same grid cells are used in analysis of the
other sources for variability. Mechanisms for variations at aVERTMIX experiment.
site in Amazonia are analyzed below.

3.4 Midlatitude vs tropical mechanisms An additional experiment, VERTMIX, varies the verti-
cal diffusion coefficient and CMF about their control val-

Sensitivity of tropical and midlatitude GQo local/regional ~ ues over the entire globe (all time, all vertical levels, and
and global processes is assessed with simple modeling exll grid points), while keeping surface flux at control val-
periments designed to test changes in day-do-day variabilUes, to assess larger scale impacts of vertical mixing on lo-
ity in response to meteorological and flux parameters variedal CQ variations. VERTMIX consists of four runs: (1)
about their control values. For the control run, denoted CON-CMF is doubled (denotetvicecmf), (2) CMF is halved (de-
TROL, PCTM is employed as described in Sect. 2. Threenotedhalf.cmf), (3) vertical diffusion coefficient is doubled
sensitivity experiments are performed in which transport and(denotedwice.vdif), and (4) vertical diffusion coefficient is
surface flux fields are modified within 1@quare domains halved (denotedhalf vdif). This experiment is used to eval-
centered at grid cells in Amazonia (TP>R 55 W) and  uate vertical mixing and results from NOCONV.
in midlatitudes (CDL: 54N, 105 W, SGP: 37N, 97.53 W, Some terminology must be defined and justified. The four
and AMT: 45 N, 69 W). The domains are shown in Fig. 7. budget terms of interest for this analysis are horizontal ad-
In the first experiment, NOCONV, sensitivity to moist con- vection, vertical advection, cloud transport, and surface flux,
vective transport is assessed by running PCTM for one yea@s described in Sect. 3.3. Non-local dynamics are defined as
with cloud mass flux (CMF) set to zero in the’l@omains.  regional synoptic processes acting on thé doémains that
Cloud-radiative NEE forcing still occurs offline in SiB3, but help to cause variations at the designated sites within these
atmospheric mixing by CMF in PCTM does not. In a seconddomains. These terms include horizontal and vertical ad-
experiment, NOFLUX, sensitivity to surface flux is tested by vection, which are controlled by synoptic meteorology and
setting fluxes of NEE and fossil fuel emissions to zero in thetransport CQ anomalies laterally and vertically. Local dy-
same 10 domains. Transport parameters are held at contronamics are defined as mesoscale processes that act within the
values in this experiment. In the third experiment, RAD- 10° domains and cause variations local to a grid cell. These
CLIM, surface flux variations associated with photosynthet-include moist convection and surface flux.
ically active radiation and cloud cover are tested by driving RADCLIM experiences little to no change in day-to-day
offline SiB3 with climatological solar radiation. This clima- variability compared to CONTROL, suggesting insensitivity
tology is calculated using a 30-day running mean of 3-hourlyto variations in shortwave radiation associated with clouds.
shortwave radiation from GEOS4-DAS. Again, transport is This is not to say that NEE is unaffected by daily fluctu-
unmodified. ations in radiation, only that the simulated changes aren’t

www.atmos-chem-phys.net/8/7239/2008/ Atmos. Chem. Phys., 8, 72882008



7250

N. C. Parazoo: Synoptic G®™Mechanisms

= ==0Observed ====CONTROL ====NOCONV === NOFLUX]

AMT

CDL

[y
]
I
1
1
1
1
1
1

SGP '

16

14

12

10

[CO2] Monthly Standard Deviation (ppm)

0

Advective Tendencey

Flux

Tendency === Cloud Tende!

SNSe——~—N\—

Monthly Mean Budget Tendency (ppm/day)

10

/\/L/\

T ———

10

—" N\

0

10

‘ - = =Observed Tendence

= Total Model Tendency

rmse = 1.266

Monthly Mean Total Tendency (ppm/day)

rmse = 0.93308

rmse = 1.3134

rmseg 2.6189

1 83 5 7 9 11

Month

1

3 5 7 91

Fig. 8. Results from sensitivity experiments. (Top row) Monthly standard deviation of mid-afternogpradid cells containing AMT (far

left column), CDL (second), SGP (third) and TPJ (far right) for observations (black), CONTROL (green), NOCONV (blue), and NOFLUX
(red). (Second row) Monthly mean budget tendencies for advection (horizontal plus vertical advection, blue), surface flux (green), and moist
convective transport (red) using CONTROL. (Third row) Monthly mean total tendency for observations (dashed) and CONTROL (solid).
The root-mean-squared-error of the monthly standard deviations is shown for each station. All plots are on same monthly x-scale of the
bottom row for one year, using monthly averaged values.

large enough to create a noticeable impact on variations inmoist convection at the midlatitude sites (except in the win-
COp. Figure 8 (top row) shows monthly standard deviationster at SGP) and strongly sensitive at TPJ. These simulations
show that variations at a site in Amazonia are more sensitive

of mid-afternoon observed and simulated fOr each site

and run, excluding RADCLIM since it is nearly identical to local surface flux and moist convection than variations at
to CONTROL and doesn’t show up in the plot. Contrary midlatitudes sites. Despite excluding local surface flux in one
to RADCLIM, NOFLUX causes standard deviations to de- experiment and moist convection in the other, strong mid-
crease by as much as half relative to CONTROL at each sitelatitude variations are retained in both cases, implying that
and by more than half at TPJ such that local variations areadvection is creating variations in the absence of local pro-
greatly reduced. In NOCONYV, variations are insensitive to cesses.
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The second row of Fig. 8 shows monthly mean budget ten- 35
dencies of advection (vertical + horizontal), surface flux and s awr coL
cloud transport for CONTROL. These plots demonstrate that ,
CO, advection contributes more to variability in midlatitudes
than does moist convective transport and that moist convec- A o
tion contributes more than horizontal advection at the Ama- ‘ _/ \\
zonian site. Table 2 quantifies annual mean tendencies foi ! Q / e ‘
each term of the budget equation at each site. These value- V \ \
are calculated from the absolute values of 3-hourly and day-
to-day tendencies. i

A notable difference exists between 3-hourly and day-to- T T T e e e TR
day tendencies, with transport tendencies decreasing and suig , 1
face flux tendencies increasing from the 3-hourly to the day- A 10 TRy
to-day metric. This is attributed to the strong influence of sur- & ° <
face flux on the diurnal cycle. The distribution due to synop- § 5
tic processes is rather revealing in the day-to-day tendencies
the numbers illustrate a discrepancy between the midlati-
tudes and Amazonia in advection, moist convective transport, s
and surface flux. These numbers, based on the budget equ:
tion, show that advective CQendencies are much weaker
(horizontal + vertical = 63% on average in midlatitudes and *

26.3% at TPJ), the influence of moist convective transport | 0

much stronger (5% in midlatitudes and 31.4% at TPJ),and ° * * ° ° " "o > * ° P 7

CO, tendencies due to surface flux slightly stronger (31.9%

in midlatitudes and 42.1% at TPJ) at the Amazonian site. Theig. 9. Comparison of monthly standard deviation of mid-afternoon
standard deviation is, to first order, approximately propor-C©z from VERTMIX experiments (color) to CONTROL simula-

tional to the magnitude of the average tendency, indicatin ion (black) at grid cells containing AN_IT (top left), CDL (top r_ight),
much variety in E'i’he dominant terms gand weakgr variety in; GP (bottom left), and TPJ (bottom right). VERTMIX experiments

the weaker terms. include half_cmf (blue), twice.cmf (red), half _vdif (green), and

. . twicevdif (cyan).
The bottom row of Fig. 8 shows a measure of uncertainty
of the total model tendency, given by plots of monthly mean

observed and total model day-to-day tendency for each sta- ] ] o
tion, together with the root-mean-squared-error. Addition-tion were added. The seasonality of simulated precipitation
ally, Table 3 shows annual mean observed and total modéghatches well with observations, indicating that the seasonal-
tendency. These plots combined with values from Table 3ity of moist convective mixing is realistic and that much of
show that the control simulation is more accurate at the mid-the error is likely due to surface flux. Additional tropical ob-
latitude sites than in Amazonia, in strength and seasonalityS€rvations, improved land surface simulations, and improved
Simulated variations at TPJ are too strong from February Jepregentatlon of mO.ISt. convection are ways to reduce uncer-
April (wet season) and too weak from August-Decembert@inty in the Amazonia in future experiments.
(late dry season — beginning of wet season). Comparison of Figure 9 shows monthly standard deviations of mid-
observed and simulated NEE with vertically integrated CMF afternoon CQ from CONTROL and VERTMIX at CDL,
at TPJ helps to explain these mismatches (not shown), wherMT, SGP, and TPJ, similar to the top row of Fig. 8. Fig-
overestimated NEE (too large and positive) during the endure 8 shows insensitivity of day-to-day variations in midlati-
of the wet season combined with suppressed CMF causesides to local/regional CMF in midlatitudes. Figure 9 shows
enhanced C®variations, as suggested in NOCONV exper- thatincreasing or decreasing vertical mixing parameters such
iments. Furthermore, SiB3 simulates a transition from netas CMF and VDIF over the entire globe does little to midlati-
negative to net positive NEE from October—-December whiletude variations. Seasonal patterns are similar to CONTROL;
observations show persistent strong uptake. Such periodshis is not surprising since vertical mixing in midlatitudes
of neutral NEE, as suggested in NOFLUX simulations, pro-acts to smooth pre-established gradients rather than create
motes strongly suppressed g@ariations. new minima or maxima. The greatest changes in magnitude
There are known errors in SiB3 estimates of NEE in Ama- occur in the summer at SGP and the winter at AMT. Varia-
zonia. These errors have been addressed in point simulaions at TPJ, on the other hand, show much stronger sensitiv-
tions at TPJ in Baker et al. (2008). To create a more re-ity to vertical mixing compared to midlatitude sites, with en-
alistic situation of enhanced uptake during the wet seasonhanced (suppressed) variability in the presence of suppressed
deeper soils and a parameterization for hydraulic redistribu{enhanced) mixing, proportional to the magnitude of,CO

Deviation (ppm;
o
@

nthly
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variability in CONTROL (most pronounced during wet sea- ity experiments, provides evidence that regional scale advec-
son). The spread of variability between the four runs is muchtion is a major source for synoptic G®ariability in midlati-
greater at TPJ and suggests stronger sensitivity. These resulisdes, whereas strong coupling between convective transport
are consistent with those of NOCONV. In all cases, varia-and surface flux is most important in Amazonia, where baro-
tions are enhanced (suppressed) when vertical mixing is supelinically induced synoptic transport is much weaker. With
pressed (enhanced). more continuous C@observations available in the tropics,
These experiments confirm different simulated physicalfuture work should extend the mechanistic analysis to addi-
controls on day-to-day COvariations in the midlatitudes tional Amazonian and tropical locations to help determine
and Amazonia. Important controls in midlatitudes are localwhether these conclusions can be generalized or not.
(surface flux = 32% on average at the three North American With regard to assessments of the global and tropical
sites) and non-local (horizontal and vertical advection com-carbon budget, budget analysis and sensitivity simulations
bined account for 63% on average), with moist convectivedemonstrate the need for carbon cycle models to properly
transport contributing only 5% on average. Variations at arepresent moist convection, surface flux, and their dynamical
site in Amazonia, on the other hand, are more strongly seninteractions in Amazonia. The importance of moist convec-
sitive to local processes in our simulations in which cloudstive transport implies that Canomalies created within the
(31% of total) and surface flux (42%) dominate over ad- boundary layer are transported to the upper troposphere by
vection (27%) in the annual budget. These budget contridmoist convection and hidden from surface towers, and, with
butions strongly imply coupling of local processes whereregard to inverse modeling, need to be accounted for either
PBL CO, recharges from surface fluxes and discharges verwith proper modeling techniques and/or through upper air
tically through convective transport. In these simulations,CO» observations. These in-situ observations are critical in
this is particularly true during the wet seaseriecember— the tropics where clouds and moist convection hide surface
April), where simulated NEE is typically positive (Baker et variations from satellite observations.
al., 2008). Simulated Cfvariability more than doubles in The dominance of advection in midlatitudes implies that
NOCONYV and is strongly damped in NOFLUX. Advective the use of reanalyzed winds for global transport simulations
transport in Amazonia must be occurring frequently enough/s critical for reliable simulations and accurate inverse sur-
however, to prevent boundless €@rowth in NOCONV. face flux estimates. Surface flux, however, contributes nearly
30% on average to day-to-day variations at the surface, and
it is therefore important for transport models to use sub-daily
4 Summary and conclusions resolution estimates of land surface flux to reproduce the full
extent of high-frequency CPvariations. Although some
According to continuous in-situ observations in North Amer- sensitivity to radiation is demonstrated during the growing
ica, South America, and Europe, strong synoptic variationsseason at midlatitude sites, sensitivity is weak on annual av-
occur year round. Transport simulations suggest that atmoerage. Surface flux, in general, is more important during fair
spheric circulation differences cause different physical con-weather days when advection is weaker.
trols on variations in midlatitude and tropical regions. Anal-
ysis of observed and simulated summer frontal,@0ma- AcknowledgementsThis research would not been possible without
tologies shows that cold fronts contain information about up-data providers. We thank Margaret Torn, Sebastien Biraud, and
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. . ontracts s , ,
they contain the only ob_servable S|gnal from thousands oﬁNNXOSAMSGG, and #NNGOBGBA1G.
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